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The results on an additional, not long-wave region of instability of
weakly non-linear waves on the surface of a liquid layer with finite
depth h obtained earlier in one-dimensional case (JETP Letters
86, 502 (2007)) have been extended on a two-dimensional geom-
etry. The consideration is carried out in the framework of Za-
kharov’s Hamiltonian approach for a system of coupled Fourier
amplitudes of the first harmonic with the wave vector kg and the
non-oscillating wave component (the zeroth harmonic). When an-
alyzing the linear stability of a weakly non-linear Stokes solution of
this system, the dispersion equation of the fourth order, obtained
earlier by Zakharov and studied analytically in the range of wave
perturbations with small wave vectors, gives, besides the known
instability region, a new one for not too large angles 8 between the
main and perturbation waves, in contrast to the quadratic equa-
tion usually obtained in the long-wave region, which gives only
the ordinary Benjamin—Feir instability. The additional instability
region grows with a reduction of the liquid depth, whereas the re-
gion of ordinary instability becomes narrower and disappears at
koh = 1.363 for # = 0 or does not exist at any 0, if koh = 0.38.

1. Introduction

Researches dealing with the stability of the exact solu-
tion of the equations of motion with respect to small
modulations be carried out by obtaining the straight-
forward solution of the corresponding Cauchy problem,
with the initial condition being given as a sum of this
solution and a perturbation. But such an approach can-
not be applied in the case of nonlinear waves on the
surface of a liquid of finite depth, because 1) there is
a zeroth harmonic B in the system, 2) the perturba-
tion is two-dimensional, and 3) the spectral width of a
perturbation is large. Due to the last circumstance, it is
impossible to use a spectrally narrow pulse of the nonlin-
ear Schrédinger equation (NSE), for which the method
for the solution of the one-dimensional Cauchy problem
has been elaborated, for the description of amplitude
A of the first harmonic. In this regard, the stability
is studied by an indirect method, namely, by the lin-
ear expansion near the solution, the stability of which
is analyzed. It is worth recalling the terminology and
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the known results and indicating the accents of this
work.

In a nonlinear conservative medium, which admits
wave motion, the account of only linear terms in the
equations of motion gives rise to a linear dispersion law
w(k) and a solution in the form of a sine wave (the first
harmonic) with constant amplitude A, the frequency
wo = w(ko), and the wave vector kg = 2w/\, where A
is the wavelength. Making allowance for the nonlinear
terms of the second and higher orders brings about the
appearance of the second and higher harmonics in the
wave profile n(z,t):

n(z,t)= (;A(z, t) expif+ As(x,t) exp 260 +. ..+ c.c.> +

+B(z,t), 0= koxr — wpt. (1)

We also obtain the corresponding system of evolution
equations for the amplitudes of those harmonics. In the
narrow-spectrum approximation and applying a simpli-
fied dependence on time, it is possible to eliminate the
zeroth and higher harmonics. In this fashion, we obtain
an NSE for the description of the time evolution of the
first harmonic amplitude A,

1
Z(At + WIA:U) + §wl/Aa:z + qA|A|2 =0, (2)

or its higher generalizations [1]. The reduction of the
system of equations to a single closed equation — the
NSE — becomes more substantiated in problems, where
the zero harmonic is absent in the system or appears in
higher approximations. For the waves on the liquid sur-
face, the formulas for the amplitudes of the zeroth, B,
and the second, Ay, harmonics are given in Appendix in
terms of the first harmonic amplitude, A. The formu-
las demonstrate that the neglect of the zeroth harmonic
corresponds to the limiting case of infinite liquid depth
to the accuracy order concerned.

895



Yu.V. SEDLETSKY

Being written down in terms of the variables

1
T = Ew”t, E=z—uw't, and u= ‘% ,
the NSE takes a canonical form,
i, + uge £ 2ulul?® = 0. (3)

The sign + is determined by that of qw”. If qw” > 0,
Eq. (3), along with other solutions — for example, the
soliton one u = ¢€'7/cosh(£) — has a trivial plane-wave
solution:

u= e, (4)

Taking into account the fact that, provided that
u(€,7) is a solution of Eq. (3), the function au(a&,a®r)
also satisfies this equation, choosing

a = ‘iAO

w/l
and returning back to the variables ¢, x, and A, we ex-
press solution (4) as

A(x,t) = AgexpiqA3L. (5)

Solution (5) implies that the linear dispersion law is ap-
pended with the dependence of the frequency on the
squared amplitude,

This is a non-linear correction found by Stokes [2] for a
liquid of infinite depth,

1

Really, in this case ¢ = —wok3 for the NSE [3]. For the
finite-depth case [4], the expression for ¢ is presented in
Appendix.

Weakly nonlinear solution (1), where the amplitude
A(z,t) is given by expression (5), is conventionally re-
ferred to as a Stokes wave in the case of waves on the
ideal liquid surface. This wave, similarly to the sine
one, has a constant amplitude, but a wider trough and
a narrower crest. Its time evolution corresponds to the
plane-wave solution of NSE, and the evolution of a weak
perturbation of Stokes wave corresponds to the solution
of NSE, provided that the perturbed plane-wave solution
is its initial condition.

The procedure of consecutive account of nonlinear
terms, which was put forward by Stokes, looks regular,
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and it was proved to be convergent. However, it turned
out that the Stokes solution can be unstable with re-
spect to a harmonic perturbation with a small, in com-
parison with kg, wave vector s. It was found that such
a modulation instability (MI) manifests itself for waves
of various origins. First, it was studied for waves on the
ideal liquid surface, namely, by Zakharov, making use
of the Hamiltonian method in the Fourier plane (as well
for ion-acoustic oscillations in plasma) [3, 5]; by Ben-
jamin, by analyzing harmonic series [6]; by Whitham, in
the framework of the Lagrange method [7]; by Zakharov
[3] and, later, by Hasimoto and Ono [4], with the help of
NSE. The instability was studied at the linear stage of its
development, by linearizing the relevant equations and
analyzing the imaginary part of roots of the dispersion
equation for the perturbation frequency. The condition
»n K ko was selected to simplify calculations.

How does the excited Stokes solution evolve? This
question can be answered, in principle, in the framework
of the first and fourth indicated approaches, because
they contain the corresponding evolution equations. In
the approach that uses the NSE, the evolution was stud-
ied both by the method of inverse scattering transform
(IST) for a periodic boundary condition, which is valid
for a harmonically excited Stokes wave [8], and by di-
rect methods as the evolution of the plane-wave limit of
exact NSE solutions at ¢ — too. It was shown [9, 10]
that, in the course of a long-term evolution, the Stokes
solution can transform its profile into a spatially or tem-
porally repetitive cnoidal wave, breather, Kuznetsov—Ma
soliton, or other soliton- or quasisoliton solutions of the
NSE, depending on the wave amplitude Ay and the ratio
between the wave, kg, and perturbation, s, wave vector
moduli.

The source of the fundamental harmonic instability
in a nonlinear medium is the presence of higher-order
harmonics in the system. Namely, if two perturbations
with wave vectors kg & 3¢ act on the first harmonic Ag
with the wave vector kg, a resonance with the second
harmonic with the wave vector 2k is possible,

(ko + 32) + (ko — 3) = 2ko, (8)

and, therefore, the perturbation excitation (the instabil-
ity of the first harmonic) arises. The specific values of
the parameters Ag, kg, and s, at which the perturbation
increases, are determined by the equations of motion for
harmonics. Such a mechanism was considered in the ma-
jority of previous works, where the inequality || < |ko|
was supposed—mainly, in order that analytical transfor-
mations be possible. In works [3, 5], the higher analogs
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of expression (8) were also studied — e.g.,
(2’60 + J{) + (k)g — }t) = 3k0,

which describes the instability of the second and first
harmonics, if, being perturbed, they come into resonance
with the third harmonic — and the corresponding insta-
bility increment was found. Now, it is coined as class II
instability [11]. For the time evolution of such an in-
stability to be described, higher-order terms have to be
included into the NSE [1, 12].

In this work, quantitative changes in the MI descrip-
tion are considered in the case where there is the zeroth
harmonic in the expansion. For waves on the surface of
a finite-depth liquid, it corresponds to a flow induced by
waves. In nonlinear optics, the zeroth harmonic is asso-
ciated with the so-called optical detecting. At a quali-
tative level, an additional possibility for the instability
is supposed as a result of the development of the pro-
cess (8) of resonance of two first perturbed harmonics
together with the second and zeroth ones, provided the
validity of the relation

(ko + 32) + (ko — 3¢) = 2ko + 0, 9)

between their momenta and keeping in mind that the
excitation of the zeroth harmonic can change the energy
resonance relations (8) and intensify the perturbation.
One may suggest that the interaction will be more effec-
tive at 3¢ & ko, when the first pair in expression (9) res-
onates with the second harmonic, and, simultaneously,
the second pair with the zeroth one.

The quantitative consideration is carried out, when
the zeroth harmonic contribution to the evolution equa-
tion for the complex amplitude of the first harmonic and
the additional evolution equation of the second order
for the actual amplitude of the zeroth harmonic with a
term given by the first harmonic are taken into account.
In this case, if the Stokes solution is modulated by a
harmonic wave with the wave vector 3¢, the dispersion
equation for the perturbation frequency becomes of the
fourth order — instead of the second one — and its new
roots, being considered in a wide range of s, contain an
imaginary component that corresponds to new instabili-
ties in such a system. Since s is not supposed to vary in
a narrow range with respect to kg, the analysis is carried
out, provided a complete account of linear dispersion.

The account of the zeroth harmonic in the form of
an additional evolution equation was carried out in a
number of works and by various methods: the Hamilto-
nian [13], multiscale [14-16], and variational [7, 17, 18]
ones, with the total linear dispersion being considered
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only in work [13]. However, in those works, in order to
obtain analytical estimations in the range |3| < |kol,
(i) the corresponding dispersion equation of the fourth
order for the perturbation frequency was simplified to
the quadratic one [13], (ii) two of four roots in the inter-
val |3| < |ko| were a priori assumed to be real-valued
[7, 14] (or of “no interest” [17]), (iii) a simplified time
dependence for the zeroth harmonic was adopted in the
range || < |ko|, so that the dispersion equation be-
came quadratic [4,15], (iv) the case of infinite depth was
analyzed only [16]. Anyway, no other instabilities but
a long-wave one were considered. The equation of the
fourth order, provided that only the parabolic disper-
sion is taken into account, was obtained in the frame-
work of the variational method in work [18], where the
author indicated that two roots associated with the ze-
roth harmonic are complex. In work [19], an equation
of the fourth order for the perturbation frequency was
obtained in the case of one-dimensional perturbations,
making use of the multiscale method in the parabolic ap-
proximation for the linear dispersion, and, besides an or-
dinary MI at s < ko, an instability band at » =~ ky was
found, when the total linear dispersion in the equations
for the first and zeroth harmonics was made allowance
for. Since the account of the total linear dispersion seems
not conventional, when the consideration is carried out
in the coordinate space, in work [21], the author used
the Hamiltonian approach developed by Zakharov. In
this approach, such an account is made in a natural way
in terms of the function w(s¢) at the transformation into
the Fourier plane.

The efficiency of the Hamiltonian approach consists in
that the similarity between the waves of different origins
is described in it by a formally identical expansion of
the Hamiltonian into an integro-power series in the non-
linearities of canonical variables, in terms of which the
wave field of a specific nonlinear medium is succeeded to
be presented. As soon as the coefficients of this expan-
sion are calculated for the given type of nonlinear waves
in one problem, they become the passport characteristic
of those waves and can be applied to other problems.
This idea was formulated and implemented by Zakharov
in works [3, 5], with nonlinear waves in plasma and on
the deep liquid surface being taken as examples. The
case of finite-depth liquid was considered in work [13],
where the equations of motion for harmonics were de-
rived as Hamilton equations, by varying the Hamilto-
nian, from which higher harmonics were eliminated be-
forehand. Concerning the MI problem of Stokes waves in
a liquid layer, in work [13], there was obtained an equa-
tion of the fourth order for the frequency of a harmonic
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perturbation by linearizing the system of two equations
for the zeroth and first harmonics near the Stokes solu-
tion. This equation, however, was reduced in work [13]
to the quadratic one, in order to make analytical esti-
mations possible. It allowed the instability increment to
be calculated analytically for two roots in the interval
|| < |ko|- In work [21], it was demonstrated numer-
ically that, in the case where the wave vectors of the
perturbation and the first harmonic are directed identi-
cally, the dispersion equation, which was derived in work
[13] and reproduced in work [21], has two more, complex
roots at s ~ kg, in accordance with the results of work
[20].

In this work, in the two-dimensional geometry and in
the case where the perturbation is directed at a certain
angle to the wave vector of the first harmonic, new roots
have been separated analytically in the range || = |ko|,
and the instability increment has been calculated numer-
ically in a wider, in comparison with that of the work
[13], interval of perturbation wave vectors (the internal
surfaces in Fig. 5). The first numerical tabulations for
the case of two-dimensional perturbations were carried
out in work [22].

2. Hamiltonian, Its Formal Expansion into
Integro-Power Series, and Equations of
Motion in the Fourier Representation

In the Hamiltonian approach to the description of po-
tential surface nonlinear waves [3, 5|, the equations of
motion for the “normal complex coordinate” a(k,t) are
written down in the form of the Hamilton equation
da(k,t) 0H

ot sa(k,t)

and its conjugate variant. Here, k is the horizontal
wave vector k = (kg,k,), and H is the wave Hamil-
tonian, which is a functional of a(k) and @(k). For
waves on the surface of the ideal liquid, the deviation
n(x, t) from the equilibrium surface is expressed in terms
of a(k,t)-quantities as the two-dimensional normalized
Fourier transform

w(k) = \/g|k|tanh(|k|h),

where g is the free fall acceleration, h is the liquid depth,
and x = (x,y) is the two-dimensional vector of horizon-
tal coordinates.

77(1"7t) =

(10)

898

The Hamiltonian expanded into an integro-power se-
ries in the variables a(k) and @a(k) looks like [13]

o

H= / w(k) a(k) a(k) dk+

oo oo oo

+/ //(a(k)a(kl)a(kg)+a(k)6(k1)5(kz)>><

— 00 —O0—0Q

XV(kﬁ, kl, kg) 5(’(2 — kil — kg) dk dkl dk2+

%/ //(a(k)a(kl)a(kg)+a(k)a(k1)6(kz))x

—00 —O0—00

xU(k, k1, k2) 6(k + k1 + ko) dk dky dko+

X W (k, ki, k2, k3) 8(k + ki — ky — ks) dk dk; dky dks.
(11)

Here, the terms of the fourth order, which are of
the forms E(k)a(kl)a(kg)a(kg), a(k)ﬁ(kl)a(kg)a(kzg),
a(k)a(ki)a(ks)a(ks), a(k)a(ki)a(kz)a(ks), as well as
the terms with higher a-powers, are not included, be-
cause they do not manifest themselves in the considered
order of accuracy.

The common physical character of the approach con-
sists in the universality of expansion (11) and the for-
mulas that follow from it (the equations of motion, in-
stability increments, statistical characteristics, and so
on) for different media. The importance of expansion
(11) for the description of different wave phenomena in
a specific physical medium is defined by the formulas for
the expansion coefficients V' (k, k1, k2), U(k, k1, k2), and
W (k, k1, ko, ks). For waves on the surface of a liquid of
infinite or finite depth, they were calculated in works
[3,5] and [13], respectively, when the approach itself was
formulated. Here, only those coefficients are given, the
explicit form of which is necessary for what follows:

V(k, k1, ka) = —Vo(—k, k1, ka)—
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—Vo(—k, k2, k1) + Vo(k1, k2, —k ),

Uk, k1, ko) = Vo(k, k1, ko)+

+Vo(k, ko, k1) + Vo(ky, ko, k),

Vo(k, k1, k2) = —N (k)N (ki) M(k2)E®) (k, k1),
O = (k- k) + a(R)ak)

Wk, k1, ko, ks) =

= Wo(—k,— k1, ko, k3) + Wy(ka, ks, —k, —k1)—
—Wo(—k, ko, — k1, k3) — Wo(— ki, k2, —k, k3)—
—Wo(—k, ks, —k1, ko) — Wo(=k1, ks, —k, ko),
Wo(k, k1, ko, ks3) =

= 2N (k)N (k1) M (ko) M(k3) E® (k, k1, ko, ks),

1

4) — _
E 3272

{2k|2q<k1> T2l Pa(k) — a(k)a(k) <

< (qlk + ka) + qler + ko) + a(k + ks) + a(ks +k3>>}

k) = (Z({;)))l/z’ Mik) = (2%533:))/

q(k) = [K| tanh([k[R).

The expressions for all coefficients with regard for the
results of discussion [23] on their symmetry properties,
which preserve the Hamiltonian character of the theory
at the reduction of Hamiltonian (11), are presented in
the most compact form in works [24, 25], (in particular,
formula (12) was taken from work [24]).

By varying Hamiltonian (11), we obtain the equation
of motion for a(k,t):

0 .
En a(k, t) +i|w(k)a(k)+
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+ / Vik, k— & €)a(€)alk - &) dE+

+2 / V(k+ € k €)a(€) alk + &) de+

+ / U(—k— & K, £)a(€)a(—k — &) dE+
—|—/ /W(S—!—C—k, k, & ¢)x

xa(§)a(§)a(§ + ¢ — k) d€d¢| = 0. (13)

3. Equations of Motion for Fourier Amplitudes
of the First and Zeroth Harmonics

Consider, as in work [13], a wave packet with the central
wave vector k. In this case, the Fourier amplitude of the
first harmonic is concentrated around the wave vector
kio:

a1 = al(k, t) (S(k - ko) (14)
Nonlinear terms in the equations of motion give rise to
the appearance — in the next order of the formal small-
ness parameter € — of the zeroth and second harmonics:

a=c¢cay +e*(b+ az). (15)
Substituting expression (15) into Eq. (13) and combining
the coefficients of the terms with k = +2kg, we obtain
the equations of motion for components of the second
harmonic, as. Those equations are used to express the
second harmonic in terms of the first one. The latter ex-
pression together with formula (15) is substituted into
Hamiltonian (11), which becomes free of az now. In
work [13], by varying the Hamiltonian obtained with re-
spect to a; and b, two coupled equations of motion for
the Fourier amplitudes of the first and zeroth harmonics
were obtained:

0 )
g ay (k) +iw(k) ai (k)+
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o0

+i/a1(£) [ f(ko — €) bk — €) + f(€ — ko) B(€ — k)] x

— 00

xd£+iA/ /al(oal(s)a(us—kmsdc=o, (16)

£ 00) () b(R) + 41 () [ @1(&) aa b+ ) de = .
_ (17)
where the notations
f(k) =2V (k, ko, ko), (18)
A = W(ko, ko, ko, ko) —
—2 <V2(2 ko, ko, ko) | U*(=2ko, ko, ko) ) (19)
w(2kg) —2w(ky)  w(2ko) +2w(ko)

are used. In work [21], those results were reproduced in
a somewhat different way. Namely, after the substitu-
tion of expression (15) into formula (13), the combined
coefficients of k = kg, k = 0, and k = £2k( present the
equations of motion for the first, ay, zeroth, b, and sec-
ond, as, harmonics, respectively (as should be excluded
from the equation for a;(k)). It is worth noting that, in
work [21], the first and third arguments in the analog of
formula (18) for f(k) are arranged in the inverse order
in comparison with the original work [13]:

f(k) =2V (ko, ko, k). (20)

4. Modulation Instability

The discovery of the IST method for the NSE, including
the periodic initial condition, as well as the development
of direct methods for the NSE solution, allow the MI to
be considered not only at its linear — in a small pertur-
bation — stage, but also in the course of its subsequent
development [9,10]. The Stokes wave evolution was stud-
ied as a development in time of the plane-wave solution
(4) of NSE (3) with a small harmonic additive given at
the initial moment in the form

u(z,0) = 1 4 e cos(pzx). (21)
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The stability and the character of a long-term evolu-
tion of distribution (21) are governed by the modulation
coefficient p. Such researches are of interest, because
they explicitly demonstrate various evolution scenarios
which depend on the initial condition parameters and
could bring us closer to the understanding of the physi-
cal mechanism underlying the generation and the devel-
opment of the so-called “freak or killer waves” really ex-
isting in the open ocean. However, the satellite-assisted
observations testify that such waves do not contain too
many oscillations [26], for the description of their en-
velope making use of a single NSE to be eligible. At
the same time, they are not isolated waves described
by the Korteweg—de Vries (KdV) equation. Their some-
what intermediate character and the fact that they exist
at large depths characteristic of the NSE, as well as at
finite and even small depths which are characteristic of
the isolated KdV waves [this fact is confirmed by the
witnesses of huge waves that destroyed coastal construc-
tions in Katsiveli (Ukraine) some years ago| suggest that
the Zakharov equation, which describes a general wave
field, should be used as the evolution one, rather than
the NSE or the KdV equation. In this case, it is possible
to retain the coupled first (taking the influence of the
second harmonic into account) and zeroth harmonics in
the expansions, the evolution of which can be described
separately by the NSE and the KdV equation, respec-
tively, only approximately.

The system of equations of motion (16), (17) has
Stokes form (5) after the inverse Fourier transformation
of the first harmonic a(k) is made. Its solution looks like
a(k) = Age P @RI 5 _ k) b(k) =0, (22)
where, taking formulas (10), (5), and (1) into account,
the physical amplitude A is connected with the quantity
Ag by the relation

2 271’2(4)0

Af = 7170’4‘2)’ o = tanh koh, (23)
and
qAZ = —\AZ (24)
The calculation of A by formula (19) gives [27-29]

13 4 _ 1052
A\ 5 9o 0c“+9 (25)

= 3272 o3

for waves on the surface of a finite-depth liquid. Hence,
we have the following nonlinear correction to the fre-
quency before the zeroth harmonic excitation was taken
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into account:

o — 1002

A2 = —%wokﬁzﬁ. (26)
The specification of A after the account of the zeroth har-
monic excitation is made is given below by expressions
(29) and (35). In the limiting case of infinite depth (the
absence of the zeroth harmonic), corresponding expres-
sion (24) for qA3, as well as expression (26), transforms
into the Stokes result (7).

Following work [13], let us introduce the perturbation

a(k) = et (k) A (Ao 6(k — ko) +ea(k)x
xeiigté(k o kO o %) +€oz(k}) eiQt 5(’6*’40 +}t)), (27)

b(k) =cf(k)e "t 5(k — ) +c B(k) ! Pt 5 (k + ),

where a(k) and (B(k) are real-valued quantities. Here,
the vector 3¢, which forms an angle with kg, is the quan-
tity, by which the wave vectors of the excited first and
zeroth harmonics differ from their unexcited counter-
parts ko and 0. Let the wave vector kg of the carrier
wave be directed along the x-axis in the horizontal co-
ordinate system (z,y): ko = (ko,0), and let the vector
2 have both horizontal coordinates: 3¢ = (k,x). Then,
the wave vectors of the perturbed first and zeroth har-
monics have the coordinates ko £ 3¢ = (ko + &, £x) and
0 + 3 = (+k, £X). Note that not only the first but also
the zeroth harmonics are excited. Since, in what follows,
» is considered to be not necessarily small in compari-
son with kg, we should make a comment. The addition
of considerable deviations of s from kg and O in the ar-
guments of the first, a(k), and zeroth, b(k), harmonics
is carried out only under their small perturbations, the
development of which is considered at the initial linear
stage only, with a single purpose to determine the possi-
bility of their growth. Therefore, in our opinion, it does
not contradict the assumption on the concentration of
arguments of the first, a(k), and zeroth, b(k), harmon-
ics. Nevertheless, we should emphasize that only ||
satisfying the condition |s| < |ko| were studied in work
[13]. Arbitrary |s¢| were considered in the fundamental
works [3, 5], where the expression for instability incre-
ment was derived (it was used as the basis for numerical
calculations in works [27,30-32]), but for the perturba-
tion in a single region only (near the wave vector of the
first harmonic). The peculiarity of this work is studying
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the MI under a broadband perturbation in two regions
(for the wave vectors of the first and zeroth harmonics).
Let us analyze the possibility for the perturbation fre-
quency {2 to have an imaginary part at certain 3¢ depend-
ing on the normalized liquid depth |kg| h, which means
the instability of the unperturbed wave with respect to
a perturbation wave with such s. After substituting ex-
pression (27) into the linearized equations of motion (16)
and (17), we obtain the following system of homogeneous
equations for a(kg + 3¢), a(kg — 3), B(5), and B(—3):

(Q+ w(ko — 2) — w(ko) + MN3) a(ko — )+

MG (ko + 22) + Ao [f (=) 8(=22) + f(5)B(30)] = 0,
(Q — w(ko + 2) + w(ko) — AA) ako + 2)—

— AMGa(ko — 2) — Ao [f(—2)B(—2) + f(5)3(5)] = 0,
(Q+ w(x)) B(—2) + Ao f(—)x

x [a(ko — 7€) + a(ko + )] =0,

(2 — w(3)) B(s)—Ao f(3¢) [a(ko — 2) + a(ko + )] = 0.

Zeroing the corresponding determinant gives a necessary
equation for the perturbation frequency £2,

(Q—6) = A (A —2\0)A2) (28)

where

AMQ) = -2+ 20(Q), (29)
_ ) f2(50)

X = et o —a (30)

A= % (@(ko + 5) + wko — 5)) — w(ky), (31)

0= % (w(k() + J{) — w(k() — J{)) . (32)

The subscript in A(9)(Q) indicates that it is a contribu-
tion of the zeroth harmonic to the nonlinear interaction.
In the expanded form, expression (28) looks like

(Q+ w(ko — 3) —w(ko)) (U —w(ko + 3) +w(ko)) =
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= 2\(N)AZA (33)

and coincides with that from work [13]. In formulas (28)
and (33), the transition to the physical amplitude Ay by
formula (23) can be made.

Let us calculate quantity (30). In order to obtain,
according to formula (20), f(3¢) = 2V (ko, ko, ), let us
simplify the coefficient V(k1, ko, k3) (12) of ko = (ko,0)
and 3 = (k,x). We have

V(kOa kOa %) =

= —Vo(—ko, ko, 22) — Vo(—ko, 2, ko) + Vo(ko, 32, —ko),

where
1 w() 2 2
Vo(—ko, ko, = —k k ,
o(—ko, ko, 5) svar \| Foo ( 0o+ 0‘7>
1
Vv()(—k:()7 , ko) = o X

821 \/koow( )
X (—kok + ko|s¢| tanh |3|h) ,
Vo( ko, 3, — ko) =

1
- “0 (kok + ko|2¢| tanh |s¢|h) .

821 \/koow( )

Whence,

k32102

_ KW g oy [w(%)
f(%)—4ﬁﬂﬁ 2oV o0 TN

Note that, in the case of two-dimensional perturbations,
the transverse component x of the vector 3 = (k, x) ap-
pears only in w(s¢), whereas the numerator of the first
term includes only the longitudinal component k, as it
occurs in the one-dimensional case. Substituting expres-
sion (34) into formula (30), we obtain the second term
in formula (29):

(34)

) ko
AT() = 16720

+(1 - 02)2>. (35)

Our task is to analyze all four roots of Eq. (33). The
dispersion equations of high orders [33] were mainly
solved numerically, when studying the interaction of
nonlinear waves. Under condition of small non-linearity,
some factorization is possible in two cases. In both of
them, the crucial role is played by only two of those four
roots. Therefore, if the remaining two roots are replaced
in the first iteration by their approximate values, the in-
teraction between the “main” roots can be described by
quadratic equations. Such an approach gives only ana-
lytical estimations, and it will be verified by a straight-
forward numerical solution of the fourth-order equation

(33) in a wide range of 3¢ = (k, x) for specific values of
k‘oh and kvo.

4.1. Instability of the first harmonics associated
with its transformation into the second
one. Comparison with available results

One can see from Eq. (28) that two of four roots 2 have
an imaginary parts. The perturbation with such a fre-
quency {2 is unstable, if the right-hand side of Eq. (28)
becomes negative. The boundaries of this instability re-
gion in the plane (k, x) are found by zeroing each of the
multipliers on the right-hand side of Eq. (28).
1. A=0. (36)

This curve is known in the theory of instability of
infinitesimal amplitude waves as the figure-of-eight of
Phillips [34] or the resonance curve

w(ko + 3) + w(ko — 3) — 2w(ko) = 0. (37)

2. A =2)(5)A2. (38)

where

k3 K2 wo
A6) = —2 2— +(1—
() 16720 <V+ w?(3) — §2 ( ko +

90% — 1002+ 9
7_|_

v=—
202

(1—0%)%

The region of instability is confined by curves (37) and
(38). In Figs. 1 and 2, this region is shown in the co-
ordinates defined by the longitudinal, p = x/ko, and
transversal, ¢ = x/ko, components of the normalized
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] kh=2
0.4 P
0.3- kh=10
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1 F
0 02 04 06.08 1 12

p

Fig. 1. Instability region according to Egs. (37) and (38) at koh =
2 and 10. kpAg = 0.2

vector 3¢ = (k, x) for several koh-values [curves (37) and
(38) are designated as P and BF, respectively].
In the limiting case (k, x) < ko, we have

1 1 — o2 wo
=—-11 koh | —
2( + g 0)/407

o
T Ok

0 — cgR, ¢4

k=ko,x=0

A — %(om2 + ,6'X2),

o= 8276() —
T OK2 -
K=ko,x=0
1 —o? (302 + 1) (1 — 02) wo
=——[1-2 koh kin? | =
4 ( 0 o2 0 k%’
g v _ %
-~ ox? 0
R=k0,x=0

2
w
w?(3) = gh (/12 + X2> = koh (KJ2 + xz) k:ig’
0
where ¢4 is the group velocity of linear waves. Hence,
in this case, the left border (37) of the instability region
becomes a straight line

X = 75’{7 (39)
whereas, for the right border (38),
k?’
A(6)] =2
(0o = 5

ISSN 2071-019/. Ukr. J. Phys. 2009. Vol. 5/, No. 8-9

0 02 04 06 6)f8 1 12 14

Fig. 2. The same as in Fig. 1, but at kgh = 1.363 and koh = 0.38.
Dotted lines are approximations by formulas (39), (38), and (40)

x| v+ v 240 4 (1—02%)c ’
gh(KQ_i_XZ)_chQ kO g g .
(40)

As is seen from the comparison of expressions (38) and
(40) with formulas (39) and (30) in work [6], in the one-
dimensional case (y = 0) and for small x, border (40)
of the instability region transforms into the right end of
the interval of k-instability obtained for the first time
by Benjamin and Feir for this case [6] (it also follows
from the Zakharov general formula for the instability
region, provided small |3| [3, 5]). Moreover, this case
of small k corresponds to the NSE approximation [4],
so that expression (40) is identical, to within a constant
factor, to the nonlinear coefficient ¢ (48) in NSE (2).
At koh = 1.363, expression (40) changes its sign from
the negative, at koh > 1.363, to positive one. Since
‘g%‘ﬂ,{:koxzo < 0, equality (38) is impossible, if kgh <
1.363. Hence, two lines, which confine the instability
region, converge at the point (k = 0,x = 0), so that
instability BF is absent in the one-dimensional case if
koh < 1.363 for any perturbation wave vector & [6,7,14].
In the NSE approach [4], such a situation corresponds
to the absence of soliton solutions for NSE (2), qw” < 0.

In the two-dimensional case and for small x, y < ko,
we obtained the results for the instability region that are
identical to those of works [14,15,17]. The corresponding
region is shown in Fig. 2 for specific values koh = 1.363
and 0.38. In the range of small x and X, the instability
region is described by the simplified formulas (39), (38),
and (40) shown by dotted asymptotes. These lines were
presented in work [14]; here, they are given as test ones.

If koh = 0.38, curves (38),(40) coincide with the
straight line (39), and the instability region degenerates
into the latter. This conclusion on the disappearance of
the instability at koh = 0.38 [14, 15, 17] corresponds in
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Fig. 2 to the convergence of its two borders into a single
straight asymptote in the range of small |s¢|.

From the simplified formulas (38), (40), and (39), it
also follows that, if kgh < 1.363 in the range of small &,
and x # 0, curves (38),(40) lie below the straight line
(39) (in this connection, see work [35]).

In the case where s and x are not small, the borders
of the instability region (36) and (38) are depicted in
Figs. 1 and 2 by solid curves. Another intersection point
(k,x) of curves (36) and (38) was found for the first
time. It is a solution of the system of equations A = 0
and A = 0. At arbitrary x and y, the curves concerned
are only qualitatively similar to those obtained in works
[27] (the finite depth) and [30, 31] (the infinite depth) —
a quantitative agreement is attained only at small x and
x — which used the general expression for the instability
region obtained, as was indicated above, without pertur-
bation with the center at the zeroth harmonic (only at
the fundamental one) in works [3, 5]. Given the zeroth
harmonic (the finite depth), the equation of motion for
it has to be taken into account explicitly, as was done
in work [13]. In this case, we obtain a dispersion equa-
tion of the fourth order (33) which contains both the
influence of the zeroth harmonic on the known instabil-
ity region at small |3| and the emergence of additional
instability section.

4.2. Additional region of the first harmonic
instability associated with its
transformation into the second
and zeroth harmonics

To make analytical estimations of the possibility that
some roots of Eq. (33) have an imaginary part at £ ~ ko,
let us divide it by Q — w(ko + ) + w(ko) and multiply
by Q — w(3). Now, let us change over to the physical
amplitude by formula (23). As a result, Eq. (33) reads

(Q+w(ko — 2) —wy) (U —w(sx) =

I€2 w 2
o (”(Q“’("”ww)m Crra-y) )

(w(ko + 32) + w(ko — 3¢) — 2wp) wo

k3 A2
(Q—w(ko—i-x)—i-wo) 8g2 V770

(41)

Since the quantity k3 A% is small, two of four roots of
Eq. (41) are close to the corresponding values obtained,
if the right-hand side equals zero. Since w(0) = 0, those
two roots are equal to wy = w(kg) at the point (k =

904

ko, x = 0). Therefore, in the first iteration in the range
of small x, let us approximately substitute 2 by wy and
k by ko on the right-hand side of Eq. (41):

(Q + w(ko — 3¢) — wo) (2 — w(x)) =

k2 AZ.

(3 —02)% Wi (wko + 2) + w(ko — %) — 2wo)
802 (w(ko + 22) — 2wyp) (w(32) + wp)
(42)

Now, on the basis of Eq. (42), let us analyze whether
those two roots can have a small imaginary part in the
region (k =~ ko, x =~ 0) in the next approximation. Let us
change over to frequencies normalized by wy and denote
them by a hat. Equation (42) looks like

(ﬁ + B(ko — 22) — 1) (Q - @(x)) -

(B0 Gkt ) +Oko =) =2)
807 @ko+#) -2 @0 +1) "

At k = kg and x = 0, we obtain

P 2 (3 - 02)2 2 42
(0-1) =5 H4t,
i.e. a perturbation leads to the instability with the in-
crement
3—o?

koAyp.
1o oo
In this case, ReQ = 1. In Fig. 5 obtained by direct
numerical calculations by formula (33), value (44) cor-
responds to the vertex of the internal surface which is
really located at (k ~ kg, x = 0).

In the region k = kg and x ~ 0, the instability incre-
ment is

(43)

ImQ) = (44)

Il — {—i(l ~Gko — %) — B(x))°+

(3= 02)° B(ko + 2) + (ko — 5) — 2
802 (@(ko + ) — 2) (@(x) + 1)

1/2
kgAg} . (5)

In Fig. 3, the plots of the function Im Q depending on two
variables, x and x, calculated by formula (45) are shown
for koh = 10 and 2 and koAg = 0.2. They are depicted
as the curves of the Im 2-dependence on the transversal
component ¢ = x/ko of the wave vector s for several
values of its longitudinal component, p = x/kg. The
additional two-dimensional regions of instability ((43)
for the same values of parameters are shown in Fig. 4.
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ImOmega

0" "0.02 0.04 o.beqo.bs 01 012 0.14

Fig. 3. Instability increment Im € (formula (45)) as a function of
q for several p-values at koh = 10 and 2. kgAp = 0.2

4.3. Common numerical description of both
instability regions

In the case of arbitrary 3¢ and the non-linearity kAo,
Eq. (28) must be solved numerically. The fourth-order
equation obtained in work [13] was not solved numeri-
cally, but, in order to obtain analytical estimations for
the instability increment, it was reduced to a quadratic
one in 3¢-regions weakly different from the resonance sur-
face (37) (A = 0). The results of such numerical calcu-
lations are shown in Fig. 5. The normalized instability

increment ) = w% is shown in the plane of two nor-
malized components, p = k% and ¢ = k%’ of the vector

. One can distinctly see the external and internal re-
gions of instability described in subsections 4.1 and 4.2,
respectively, with some approximations. The external
instability region at small || in the vicinity of the coor-
dinate origin is known as the Benjamin—Feir long-wave
instability. Both regions are described by the dispersion
law (33) obtained by Zakharov in his pioneer work [13]
and analytically studied there in the case of small ||.
The possibility for the existence of an additional insta-
bility region in the one-dimensional case was pointed out
for the first time in work [20], where the corresponding
dispersion law was obtained in the framework of the mul-
tiscale method. First numerical tabulations in the case of
two-dimensional perturbations were made in work [22].
The additional (internal) instability region broadens
out at the reduction of kgh and, as the results of cal-
culations testify, reaches the known (external) region at
koh = 0.38 irrespective of the kg Ag-value (usually, owing
to the weak non-linearity of the theory, kg Agp-values sub-
stantially smaller than unity were considered). However,
we do not present this effect in Fig. 5 at kgh = 0.38, be-
cause, as is seen from the condition that As is small
in comparison with A in expression (46), Stokes ex-
pansions into harmonic series are valid provided that

ISSN 2071-019/. Ukr. J. Phys. 2009. Vol. 5/, No. 8-9
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Fig. 4. Instability region (according to Eq. (43)) in the coordinates
set by the longitudinal, p, and transverse, q, components of the
normalized vector 3¢ at kgh = 10 and 2. kgAg = 0.2

(koh)3® > koAp; so that, for kgAg = 0.2 adopted for
Fig. 5, we confine ourselves by the value kgh = 1. The
value kgh = 0.38 was indicated in works [14,15,17], when
studying the instability in the range of small ||, as such,
at which the region degenerates into a straight line, i.e.
the instability disappears. From our results — see the
tendency at a depth reduction in Fig. 5 (see also Fig. 2
for koh = 0.38) — it follows that, if the depth decreases,
the instability disappears only in the range small |3¢|.

Direct numerical calculations of the instability region
for two-dimensional perturbation wave vectors were car-
ried out in work [11], proceeding from the Euler equa-
tions of motion for an ideal liquid; however, the ad-
ditional instability region described above was not re-
vealed there. This may be connected with the consid-
eration of stationary waves and the corresponding as-
sumption that all harmonics move with the same ve-
locity, whereas in this work, the time evolution of the
zeroth and first harmonics is governed by interdepen-
dent equations of motion, and the velocity of the zeroth
harmonic is not assumed to be equal to that of the first
harmonic.

5. Conclusion

Besides the first harmonic, an essential role in the for-
mation of an additional instability region is played by
the zeroth one. Therefore, the long-term evolution of
the considered instability can result in the formation of
structures that are intermediate between the soliton-like
envelope of fast oscillations described by the NSE and
the isolated waves without filling, which are characteris-
tic at small depths.
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Fig. 5. Imaginary part of the normalized frequency {2 (see Eq. (33))
as a function of two components of the vector 3¢/kg = (p,q) for

koh =10, 2, 1.363, and 1 (from top to bottom). koAg = 0.2

APPENDIX

Here, the amplitudes of the zeroth, B, and second, A2, harmonics
expressed in terms of the first harmonic amplitude A [4, 12] are

given.
>
Ag(z,t) = koA2(z,t), o =tanhkoh
803
o2 -1 oko OV
B(z,t) = ko|A]?(z,t) — — —,
(2:6) = T ol AP @) - T2
ov ov
=,
ot ox
or Wi (2%8 +(1-0%) Cg) 5
B 1o? 5 |A]* (2, t),
T 40 cg —gh
906

(46)

(47)

_wokg{_ 904 — 1002 +9 N

" 1602 o2 +2l-o)

41 (2“0 +(1 -0 )2} (48)
-5 — 0 .
gh —c2 ko 9
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HECTABIJIBHICTb OCHOBHOI TAPMOHIKN
CTOKCOBUX XBUJIb 1O ABOBUMIPHIX
3BYPEHbB B IIPUCYTHOCTI

HYJILOBOI TAPMOHIKN

FO.B. Cedneyvrul
Peszowme

Panime orpumani B ogaoBuMipaomy Bunajky (ITucema B 2K9TD
86, 574 (2007)) pesysbTaTd LPO JOJATKOBY, HEJOBIOXBUJIBLOBY
06JtacTh HeCTablIbHOCTI CTabOHETIHIHIX XBUJIb Ha IOBEPXHI IIa-
Py pimuHm obOMexkeHOI rinbuMHM h IIOIMIMPEHO Ha BUIAJIOK JBO-
BuMipHHX 36ypenb. Onuc npoBeneHO y paMKaxX raMijbTOHIBCHKO-
ro migxoay 3axapoBa JJIsi 3B’S3aHOI cuCTeMH Qyp’e-aMILITyI
nepirol rapMOHIKM 3 XBHJILOBUM BEKTOPOM kg 1 HEOCIHIIOIOTOT
KOMIIOHEHTH XBUJl (HyapoBoi rapmoniku). Ilpu amasisi miniitaol
(me)crabinbHOCT] cIabKOHEIIHITHOrO CTOKCOBOrO PO3B’SA3KY TaKOl
cucreMu aucnepciiine piBHsHHsA 4-ro HOpsAKy (oTpuMaHe paHiiie
3axapoBUM i BUBUEHE aHAJITUIHO B OOJIACTI MAJINX XBUJILOBUX Be-
KTOpiB XBWJIl 30ypIOBaHHs1) Jla€, NOPsi/ 3 paHille BiJIOMOI, Joia-
TKOBY 00JIaCTh HECTaOLILHOCTI NPU HE3aHATO BEJUKUX KyTax 6
Mi>K OCHOBHOIO i 30ypIOIOYOIO XBHJISIMHU, Ha BigMminy Bin 3Bmuaii-
HO OJIEP2KyBAHOTI'O B JIOBIOXBUJIBOBIii 006/1aCTi KBapaTHOTO PiBHSIH-

Hsl, IO JIa€ TUIBKM 3BUYaiiny HecTabiibHicTh Benzkamena—Peiipa.
VY Toil yac fAK 06JACTb 3BHYANHOI HECTAOIIBHOCTI 3BYKY€TbCA 3i
3MeHIIeHHsIM IinbuHu ¥ 3Hukae npu koh = 1,363 misa 6 = 0, a
upu koh = 0,38 s Beix 6, momarkosa obJyiacTh HeCcTabLILHOCTI
POBIINPIOETHCH 13 3MEHIIIEHHSIM TJIUOMHU.
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