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Whitham modulation theory for the two-dimensional Benjamin-Ono (2DBO) equation is presented. A system
of five quasilinear first-order partial differential equations is derived. The system describes modulations of
the traveling wave solutions of the 2DBO equation. These equations are transformed to a singularity-free
hydrodynamic-like system referred to here as the 2DBO-Whitham system. Exact reductions of this system are
discussed, the formulation of initial value problems is considered, and the system is used to study the transverse
stability of traveling wave solutions of the 2DBO equation.
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I. INTRODUCTION

Small-dispersion limits and dispersive shock waves
(DSWs) have been intensely studied during the last fifty
years. There are numerous physical applications of DSWs in
fluid dynamics, nonlinear optics, Bose-Einstein condensates,
magnetic films, and thermal media, among others, see [1-10]
and references therein. Most of the studies in the literature
have been devoted to (141)-dimensional systems, however,
and much less is known about multidimensional systems.

Following some earlier works [11-13], considerable atten-
tion has been devoted recently to the study of small dispersion
problems for (2+1)-dimensional systems [14—16]. One of the
goals of this work is to develop tools that can be used to
describe the behavior of DSWs in multidimensional settings.

Steps forward in this direction were recently presented in
[14,15]. In particular, the formation of DSWs along curved
fronts was studied in [14], and in [15] a two-dimensional (2D)
generalization of Whitham modulation theory was formulated
in terms of Riemann-type variables and used to study important
properties associated with the small dispersion limit of the
Kadomtsev-Petviashvili (KP) equation [17].

In this work we use similar methods to study the small dis-
persion limit of the two-dimensional Benjamin-Ono (2DBO)
equation [18]

(l/l, +uuy + E”_([uxx])x + )‘-uyy = 0, (1)

where subscripts x,y,t denote partial differentiation, 0 <€ < 1
is a small parameter quantifying the relative strength of
dispersive effects, and H is the Hilbert transform operator,
defined by

f» dy.
— X

] o0
HIfCl =~ ][ 2

where f denotes the Cauchy principal value integral (cf.
[19]). Equation (1) is a 2D extension of the classical (i.e.,
one-dimensional) Benjamin-Ono (1DBO) equation [20,21]

u; +uuy + €Hluy] =0, 2

and describes weakly nonlinear long internal waves in fluids of
great depth [18]. By analogy with the KP equation, the cases
A = —1and A = 1 are referred to as the 2DBOI equation and
2DBOII equation, respectively.
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Similar to what happens for the two variants of the KP
equation (e.g., see [12,22]), the 2DBOII equation (like the
KPI equation and the second case of the two-dimensional
intermediate-long wave equation, or 2DLWII) arises when
surface tension is negligible [ 18], whereas the 2DBOI equation
(and the 2DILWI) arises when surface tension effects are
dominant [23,24].

The small dispersion limit of the 1DBO equation [i.e.,
Eq. (2)] has been studied extensively [25-30]. However, no
general results are available for the 2DBO equation [i.e.,
Eq. (1)] to the best of our knowledge. A one-dimensional
(1D) reduction of the 2DBO equation and its associated DSW
behavior was studied recently in [14], in which a similarity
variable n = x + P(y,t) was used to reduce Eq. (1) to the
cylindrical Benjamin-Ono (cBO) equation,

c
u; +uny, + ctu + eHup,] =0, 3)

A
1 +2A
as well as to the write the resulting equations in terms of
Riemann variables and study the DSW behavior with step-like
initial data along parabolic fronts. The study of more general
initial conditions that do not admit a 1D reduction is still an
open problem.

In this work we derive the 2D Whitham system for the
2DBO equation using the method of multiple scales (e.g.,
as in [31]), and we simplify the resulting system of partial
differential equations (PDEs) by suitably rewriting it in terms
of Riemann-type variables. We then discuss various properties
of the resulting system of equations, including exact reductions
and the formulation of a 2D generalization of the Riemann
problem for the 1D Whitham system. Finally, we use the
system to investigate the stability of the traveling wave
solutions of the 2DBO equation. Note that unlike the KP
equation, Eq. (1) is not known to be an integrable system.
The methods presented here do not rely on integrability.

II. DERIVATION OF THE 2DBO-WHITHAM SYSTEM

The derivation of the modulation equations for the 2DBO
equation is similar to that for the KP equation, and we refer
the reader to [15] for further details.

©2017 American Physical Society
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A. Multiple-scale expansion

We begin by rewriting the 2DBO equation as the system

u; + uny + €Hluy ] + Avy, =0, (4a)
Uy = Uy, (4b)

We look for solutions of Eq. (4a) as u(9,x,y,t), with the
rapidly varying variable 8(x,y,t) defined by

Oy = k(x,y,t)/e, 6, =I1x,y,t)/e, O =—wx,y,t)/e,
®)
where k, [, and w are the local wave numbers and frequency,
respectively, which are assumed to be slowly varying functions
of x, y, and ¢. Enforcing the equality of the mixed second

derivatives of 0 then yields three compatibility conditions:

kl‘ + wy = O’ lr + a)y = O’ (6a)
ky — I, =0. (6b)

Equations (6a) are referred to as the equations of conservation
of waves and provide the first and second modulation equa-
tions. Note that Eq. (6a) automatically implies that Eq. (6b) is
satisfied for all r > 0 if it is satisfied at t = 0.

In terms of the fast variable 6 and the slow variables x,y,z,
Egs. (4) become

(—wug + kuug + sz[M(;@] + Alvg)/€ + u; + uu,

+Hlkcuo + 2kugy] + Avy + €H[uyx ] =0, (7a)

(kvg — lug)/e + (vx —uy) = 0. (7b)
We then look for a perturbative solution for u = (u,v)” as

u=u®0,x,y,t) + eu(@,x,y.t) + O(e?). (8)

Substituting Eq. (8) into Egs. (7) and collecting terms in the

same power of €, one obtains a sequence of equations. The
leading-order terms, at O(1/¢), yield

— ouy + ku©u’ + KHugy) | + Avy =0, (9a)

kol — ) =0.  (9b)

Equations (9) can be written in vector form as Mou® = 0,
where My = M 9y, with

L Agk
M= , (10)
Agk  —Ak
L= —w+ ku® + k*H[d,], and where we defined
q(x,y,t) =1/k, (11)

which will play an important role in the following. Integrating
Eq. (9b) with respect to 6, we obtain

v = qu® + p, (12)
where p(x,y,t) is to be determined at higher order in the
expansion. Next we look at O(1) terms, which yield MjuV =
G[u], where G[u] = (g1,82)" and M; = 9;M, and with

g1ul0 = —u; —uu, — Hlkcug + 2kug,] — Avy, (13a)

glu] = A(vy —uy). (13b)
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Note that M is a total derivative in 8, and the solution of Eq. (9)
is periodic, with period P computed explicitly below. To
avoid secular terms, one needs the following two-component
periodicity condition:

P
/ G[u 140 =0, (14)
0

which provides two further modulation equations. Finally,
the Fredholm solvability condition for the inhomogeneous
problem at O(1) yields the last modulation equation:

P
/ u? . G[u 146 = 0. (15)
0

Equations (6a), (14), and (15) comprise the system of five
modulation equations.

B. Leading-order solution and modulation equations

We now write PDEs for the evolution of the characteristic
parameters of the traveling wave solutions of the 2DBO
equation. We return to the equations at leading order and use
Eq. (9b) to rewrite Eq. (9a) as

kH[ug ] +u@uy) — vul) =0, (16)
where
V4+r® =w/k=Q. (17)

The solution of Eq. (16) is [20]

452
A2+ 4k2 — Acos(f — 6p)

where 6, is a constant and the phase velocity V is given by

V = (1/2)v A2+ 4k2 + B. (19)

Unlike the periodic solutions of the KP equation, the solution
(16) involves trigonometric (as opposed to elliptic) functions;
its period as a function of 0 is simply P = 2. When k,V,f
and ¢ are constants, Eq. (18) is a 2D extension of the
periodic solution of the 1DBO equation [20]. When these
quantities are slowly varying functions of x, y, and ¢, Eq. (18)
describes a slowly modulated periodic wave, whose evolution
is determined by the five modulation equations above.
Substituting Eqs. (13) into Eqgs. (14) and (15) we have

u(o)(O,x,y,t) =

+B8, (18)

% + %% + A%(q G +2mp) =0, (20a)
+/\[2c;2§—‘y’ +2qaa—(;2 —qz% +2G12—5:| =0,
(20b)
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where

2
G_,:f @®yYdeo, j=1,3,
0

2
Gy = / uOHkyul) + 2ku’]d6,
0

and where we introduced the “convective” derivative
D d 0
—_— = —g—.
Dy  dy ox
Specifically, Eq. (20b) follows from the Fredholm solvability
condition (15), Eq. (20a) from the first component of the

periodicity condition (14), and Eq. (20c) from the second
component of Eq. (14), which is simply

2w
/ (W —u®)do = 0. (22)
A )

Explicitly, using Eq. (18), we have

2y

G =21 (B + 2k), (232)

G, = 2n(B* +4Vk), (23b)

Gi = 27(B> — 6%k + 12kBV + 3kA> + 8k),  (23¢)

Gy = —m(kA?),. (23d)
Thus, Egs. (6a), (20a)—(20c) become

k; + (Qk), =0, (24a)

(kq), + (Qk), =0, (24b)

1
(B + 2k), + 5(52 +4Vk), + Alg(B +2k) + pl, =0,
(24c¢)

2 D
(B +4VA), + (B + 6kV? 4+ 2), + x{zD—p(ﬁ +26)
y

Dq 2 2 _
|25, + 20 =0 B Haviof =0, (24

lg(B +2k) + pl, — (B +2k), =0. (24e)

Equations (24) comprise four evolution PDEs and one
nonevolutionary constraint [Eq. (24e)] for the five dependent
variables V, B, k, p, and g. When p is a constant, g vanishes
identically, and the other dependent variables are independent
of y, Egs. (24) reduce to the modulation equations for the
1DBO equation [26].

C. Transformation to Riemann-type variables

Next we introduce Riemann-type variables to simplify the
system (24). Namely, we define the variables r, r,, and r3 as
in the Riemann invariants for the 1DBO equation by letting
[14,26,27]

V=r2+r3, k=r3—r2, ,3:27’1. (25)

(This transformation is similar to the one for the Korteweg—de
Vries equation [32], and ry,r,,73 are obtained from V, k, and
B by inverting Egs. (25).) In terms of ry, ry, r3, and ¢, the
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leading-order solution of the 2DBO equation is

u®(x,y.1)
2 _ 2
ot (r3 —r2) ’
(r3+ry —2r1) —24/(ry — r1)(r3 — ry)cos @

(26)

with 6 determined (up to an integration constant) by Egs. (5).
When r, — ry, Eq. (26) reduces to a constant. When r, — r3,
Eq. (26) yields the line-soliton solutions of Eq. (1):
8(rs —r1)
Ars —r)x +qy — Qrs + AgH)t2 + 17
(27)

u(x,y,t) =2r +

(Note, however, that the solution in Eq. (27) decays alge-
braically as x — =00, unlike the line solitons of the KP equa-
tion.) Rewriting system (24) in terms of r = (r; ,rz,r3,q,p)T,
one obtains the hydrodynamic system Rr; + Sr, + T'r, =0,
where R, S,and T are 5 x 5 real-valued matrices. In particular,
R has block structure R = diag(R4,0), where R4 denotes a
4 x 4 matrix. Even though R is not invertible, we can multiply
the vector equations from the left by the “pseudoinverse”
R~! = diag(R;',0), obtaining

Ir; + Ar, + Br, =0, (28)

where [ = diag(1,1,1,1,0), A=R~'S, and B =R"!T.
While the Whitham system for the IDBO equation is diag-
onalized by the above transformation to Riemann variables,
one cannot find a change of dependent variables to diagonalize
the corresponding system (28) for the 2DBO equation, since
AB # BA.

System (28) becomes singular as r, — r; and as r, — r3.
That is, some entries of both A and B become infinite in
these limits. (These singularities do not arise in the Whitham
systems for the 1IDBO and cBO equations, and occur even
though the determinants and eigenvalues of A and B remain
finite.) However, one can obtain an equivalent but simplified
system that is free of singularities, as we show next.

Using the definition (25) and g = [/k, the third compati-
bility condition, Eq. (6b), can be written as

e ) 29)

Dy Dy ax
Equation (29) is identically satisfied when g is zero and ry,7;,73
are independent of y. Subtracting a suitable multiple of the
constraint (29) from each equation, and a suitable multiple
of Eq. (24e) from the other equations, the five modulation
equations take on the particularly simple form, which is also
completely free of singularities:

Brj zar,' Drj

L 4V, +rgH—L +20g—L

az+(’+ q)8x+ qDy

b 24 APP i 103 (30a)
vi—+-—=0, j=123, a
"Dy 2Dy J

daq 5. 0g Dq Drj

<L 4+ (Vo + 1) — +20g— +2—=>=0, (30b

at+(2+ q)3x+ qDy+ Dy (30b)

9 D 9

SN SR P ) (30¢)

ax Dy ax
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where

Vj = 21']', ] = 1,2,3, (313)

vi=r3—ro+r, vw=v3s=r3;+r—ry. (31b)

That is, all coefficients in Egs. (30) have a finite limit as
rp, — r; and as r, — r3. Note that Vi,...,V3 are exactly
the characteristic speeds of the 1DBO-Whitham system. Also,
vy, ...,v3 are exactly the same as the coefficients appearing in
the inhomogeneous terms for the cBO-Whitham system [14].
Hereafter we refer to Egs. (30) as the 2DBO-Whitham system.

D. General nature of the last two modulation equations

One of the novelties of system (30) compared to the 1D case
is the presence of Eqgs. (30b) and (30c), which determine the
new dependent variables g and p. An alternative but equivalent
version of these two equations can be obtained by noting
that they can be derived separately from the equations for
the Riemann-type variables r,r;,,r3 in a straightforward way.

Indeed, using the first part of Egs. (6) along with Eqgs. (11)
and (17), the second part of Eq. (6) yields

0q , G4 D2 _

ot ax Dy
where Q = w/k = V + Ag? as before. Importantly, Eq. (32)
arises whenever one seeks multiple-scale solutions of a mul-
tidimensional system, leading to the compatibility conditions
(6). Thus, the only difference between the 2DBO Eq. (1) and
other evolution equations is just how €2 is given in terms of the
other dependent variables. For example, for the KP equation
one also has Q = V + Ag?, but V = 2(r; 4+ r, + r3) in that
case, whereas for the 2DBO equation we have V = r; + r3.

Similarly, the constraint for p, namely, Eq. (20c), also takes
essentially the same form as for the KP equation. The only
difference is how G| depends on the Riemann-type variables.
For the 2DBO equation we have G| =4n(r| +r; — 1),
whereas the expression for the KP equation is slightly more
complicated.

Substituting 2 and G; in Egs. (32) and (20c) yields,
respectively,

0, (32)

aq 5. 0q D N
— ttrt+ig)—+—@2+r+ig”) =0, (332)
at dx Dy

ap aq D
— 4+ 2(ri+r3—r))— —2—(r1+r3 —r2) =0. (33b)
0x ox Dy

These equations can be transformed to Eqgs. (30b) and (30c)
using the compatibility condition (6b). Also, the equations for
r1,r2,r3 can be obtained by “diagonalizing” Eqs. (24a), (24c¢),
and (24d), which are the analogs of the modulation equations
for the 1DBO. For brevity we omit the details, and we will
report on these issues in a future publication.

III. REDUCTIONS AND RIEMANN PROBLEMS

We now discuss reductions of the 2DBO-Whitham system
as well as the choice of initial conditions (ICs) and boundary
conditions (BCs) to obtain well-posed initial value problems
(IVPs) for it, including generalizations of the Riemann
problem for the IDBO-Whitham system [27].

PHYSICAL REVIEW E 96, 032225 (2017)

A. Exact reductions of the 2DBO-Whitham system

One-dimensional reductions. Suppose that r;,r,,r; depend
on x and y only through the similarity variable n = x + P(y,t)
and g = Py(y,t), with p(x,y,t) a constant. Then it is straight-
forward to see that Dr; /Dy = 0. Since ¢ is independent of x,
and p is a constant, Egs. (30) become

37‘j Brj 2 Brj
E+P[W+(VI+AP)})W+AUJP“”:0’
j =123, (34a)
dq dq
— 42— =0. (34b
3t+ qay (34b)

(The fifth modulation equation is identically satisfied in this
case.) In terms of Py, Eq. (34b) is P, + 21 P, P,, = 0, which
after integration yields P, + AP2? = 0. In turn, the system of
Eq. (34a) becomes ’

L4V, =L 4Py =0, j=123. (35
iy T

For this setting to be self-consistent, however, the last term
in the left-hand side of Eq. (35) must be independent of y.
Therefore, only three possibilities arise:

(i) Py =0, in which case one simply has g(x,y,t) =0
(implying that the resulting behavior is one dimensional) and
P(y,t) =0, as well as n = x. In this case, the system (35)
reduces to the Whitham system for the IDBO equation [26].

(i) Py, = a is a nonzero constant, in which case one has
q(x,y,t) =a and P(y,t) = ay, implying n = x + ay. Then
system (35) reduces to the 1D Whitham system with x replaced
by 7.

(iii) Py, = f(¢) is a function of ¢, in which case ¢ = P, =
f(t)y, and Eq. (34b) now yields f; + 242 = 0. This ordinary
differential equation is easily solved. In particular, for a
constant IC f(0) = ¢ = const, we have f(¢) = c¢/(1 + 2cAt),
and hence g(y,t) = cy/(1 + 2cAt), which reduces system (35)
to the Whitham system for the cBO equation [14].

Genus-zero reductions. Two further exact reductions of sys-
tem (30) are obtained when r; = r, and r, = r3, respectively.
In the first case, the leading-order periodic solution degenerates
to a constant with respect to the fast variable, while the second
one yields the solitonic limit.

When r; = ry, the PDEs for r; and r, coincide. As a result,
system (30) reduces to the following 4 x 4 system:

ars 5. 013 Dr3 Dg X Dp
—+Q2 A —+ 20—+ Ar3—+ -— =0,
at +(r3+q)8x+ qDy+r3Dy+2Dy

(36b)

(36¢)

(36d)

032225-4



WHITHAM MODULATION THEORY FOR THE TWO- ...

Similarly, when r, = r3, the PDEs for r, and r3 coincide,
and system (30) reduces to

LA Y ) +2x Uy 24
a7 1 q Dy lDy
AD
2P o, (37a)
2 Dy
ors Dr;
—+(2r3+kq)—+2kq—
o1 Dy
1202 )D L 2DP (37b)
r3—r)— +-— =0,
3 — 1 2Dy
%\ ors 2 ) L4 Da 225 o 70)
—= r — — — =0, c
a 3 q CID Dy
9 D 9
9P _ 2N 21—‘]:0. (37d)
ax Dy ax

B. Initial-value problems for the 2DBO-Whitham system

ICs. The problem of mapping an IC for u to ICs for the
variables ry,r,,r3 is the same as in the 1DBO case. Once this
step is done, one can determine the IC for g using the constraint
(6b) at t =0, obtaining k,(x,y,0) = [k(x,y,0)g(x,y,0)],.
Note that k(x,y,0) is easily found using Egs. (25). Integrating
this equation, we then have

1 X
,Y,0) = ——| Co + ky(§,y,0)dE ), 38
q(x.y,0) k(x,y,O)( 0 /XO v(§.y.0) E) (38)
where Cy = q(x0,y,0)k(x0,y,0) and k(x,y,0) is assumed to be
nonzero. Also, integrating Eq. (30c) determines p forallz > 0
up to an arbitrary function of y and ¢, that is,

D 0
plr.y.t) = p-(y.0) + axl[zi - 2r1—q} (39)
Dy ax

where
071 = / FEya0)dE. 40)

Hence, the problem is reduced to the choice of suitable BCs.

BCs. In the Riemann problem for the 1DBO [27], the
asymptotic values of ry,rp,r3 as x — *oo are constants.
Already in the Riemann problem for the cBO equation,
however, this is not true anymore, and the BCs for r; can
be obtained from solving a reduced system of ODEs for ¢ [14].
In the full 2DBO-Whitham system, the BCs of the Riemann
invariants may in general also depend on the independent
variable y.

To make the above discussion more precise, we first go
back to the 2DBO equation. Integrating Eq. (4b) yields

vy, ) = v (0,0) 4+ 37 uy 1, 41)

[T

where we use the superscript to indicate limiting values
as x — —oo, and 97! is defined by Eq. (40) as before.
Substituting Eq. (41) into Eq. (4a) yields

w +utty + €Hlug ]+ 19 uy ] +13,0" =0, (42)

Taking the limit of Eq. (42) as x — —oo we see that, if one
is interested in solutions u# which tend to constant values as
x — —oo(i.e.,,u” independentof ), oneneeds d,v~(y,r) =0

PHYSICAL REVIEW E 96, 032225 (2017)

Ignoring an unnecessary function of time, we can then take
v~ (y,t) = 0. And Eq. (12) then leads to
p +uqg =0, 43)

which determines p~. Similar arguments carry over to the
2DBO-Whitham system. That is, taking the limit x — —oo0,
system (30) becomes

ar; i dg~  Adp~
J - J —
TIopong o g8 L 20P
ar T Gy TS Ty
=123, (44a)
3q~ dq~  _ors
2L ong= 2 1095 g (44b)
ot dy dy

which determine the time evolution of | ",r, ,r; , and ¢, plus
ary /dy =0, (44c)

which would seem to impose a limitation on the admissible
BCs. We next show, however, that whenr|” =r, orr, =ry,
this condition on r; is satisfied automatically, making Egs. (44)
a self-consistent system.

When r;” =r, one has u™ = 2r; . Hence, Eqgs. (44a) with
Jj =1 and Eq. (44c) yield 9r; /0y =0 and 9r, /ot = 0.
Moreover, the PDEs obtained from Eq. (44a) with j = 1,2
coincide (as they should, since r;” = r, ). Finally, Eq. (44a)
with j = 3 is identically satisfied since ™ = r; is a constant,
and Eq. (44b) yields a (1+1)-dimensional Hopf equation
which determines the time evolution of ¢ :

dq" _9q”

— +2Aq

=0. 45
at ay 45)

Similarly, whenr, = r;,onehasu™ = 2r; . Hence, Eq. (44a)
with j = 1 and Eq. (44c) yield dr; /0y = 0 and dr, /0t = 0.
Moreover, the PDEs obtained from Eq. (44a) with j = 2,3
coincide (as they should, since r, = r3'). Finally, Eq. (44a)
with j =3 and Eq. (44b) yield the following system of 2

(1+1)-dimensional ODEs for r~ = r; and ¢ ~:
R L A TN
— — r-—u )— =0, a
ot T %y 9y
g~ 78q’ ar~
— 42X 2— =0, 46b
o T Gy Ty (46b)

Similar considerations also apply for the BCs as x — oo.
That is, Egs. (45) or (46) hold as x — oo when r~ and ¢~ are
replaced by r* and ¢ ™.

Riemann problems. As a special case of the above IVP, one
obtains 2D generalizations of the Riemann problem for the
1DBO equation. More precisely, one looks for solutions of the
2DBO-Whitham system (30) with step-like ICs corresponding
to a single front:

I, x+4+c(y) <0,
,,0) = 47
ux.y,0) {o, x+c(y) =0, 7

with c(y) arbitrary. As in the 1D case, one can regularize the
jump by choosing the ICs for the Riemann variables to be

ri(x,y,0) =0, r(x,y,0) = Ro(x + c(y)),
r3(x’y’0) = %9 (48)
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where R»(§) smooths out the jump between 0 and 1/2,
e.g., Ry&) = %(1 + tanh [£ /8]), with § a small parameter. To
determine the corresponding IC for ¢, note that Egs. (48) imply
that the constraint (6b) is satisfied at + = 0. Also, Egs. (25)
and (48) imply k(x,y,0) = % —r2(x,y,0), and it is easy to
check that ky(x,y,0) = ¢'(y)k.(x,y,0). Therefore, substituting
in Eq. (38), the IC for g reduces to g(x,y,0) = ¢'(y).

If c(y) is constant or linear in y the IC for g is trivial,
whereas if c(y) is a quadratic function of y one reduces to the
ICs of the Riemann problem for the cBO equation. Finally, the
IC for p is chosen as described earlier, namely, via Eq. (39) at
t = 0 and Eq. (43).

IV. STABILITY OF PERIODIC SOLUTIONS

We now use the 2DBO-Whitham system (30) to investigate
the stability of the periodic solutions of the 2DBO equation.

Stability analysis. Constant values of ry, rp, r3, ¢, and p
yield exact periodic solutions of the 2DBO equation. To study
their spectral stability, we can use the 2DBO-Whitham system
(30) to study the evolution of small initial perturbations of
these constant values. That is, we look for

rp=F+r;, j=123, g=4, p=p, (49

where 7|,7,,73 are arbitrary constants satisfying 7| < 7, < 73,
together with |r}(x,y,t)| < 1forj=1,2,3, | (x,y,1)] € 1,
and |p'(x,y,t)| < 1. Substituting Egs. (49) into Egs. (30) and
dropping higher-order terms, we obtain

ar, . or’ 9a’ A op’
—J+VJ—J+)\1jj—q —izo, j=1,2,3,
ot ax ay 20y
ag’ ~ 9q’ ors ap’ or] aq’
_q+V2i+2£=()’ i_ i+2711=0,
ot ax dy ox dy ax

where Vi, ..., V5 and 7y, . . ., D3 denote the unperturbed values

of all the corresponding coefficients, as defined in Egs. (31).
Next we look for the plane wave solution of the above system
of linear PDE:s in the form

riey.)=R; e FFRWO =123, (50a)
(q'(x,y,0),p'(x,y,0) =(Q, P) ! K¥+hr=WD, (50b)
obtaining the homogeneous linear system
(W—KV)R; =ALD;Q +ALP/2, j=123, (5la)
(W —KV,)Q =2LR;, KP =2LR, —2K#* Q. (51b)

Nontrivial values of (R;,R;,R3,0Q,P) exist if the determi-
nant of the corresponding coefficient matrix vanishes, which
yields the linear dispersion relation P4(K,L,W) = 0, where
P4(K,L,W) is a polynomial that is cubic in W and quartic
in K and L. The periodic solution of the 2DBO equation
corresponding to 7,7,73 is therefore linearly stable if W € R
for all K,L € R, because in this case perturbations remain
bounded. Conversely, if there exist solutions with ImW # 0
for K,L € R, some perturbations will grow exponentially, and
the periodic solution is unstable.
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In particular, for K = 0 (corresponding to perturbations
independent of x), the dispersion relation simplifies to

(W/L)* = Af (71,72, 73), (52)

where f(ry,rp,r3) = 4(ry — ry). Since f(ry,rp,r3) is always
non-negative for r; < rp, for the 2DBOI equation (A = —1)
W is purely imaginary, and therefore all its periodic waves
are linearly unstable. Conversely, for the 2DBOII equation
(A =1), W is real, and therefore all its periodic waves are
linearly stable in the spectral sense.

In the special case r; =0, r, = m, and r3 = 1/2, which is
relevant to the Riemann problem discussed earlier, we simply
have f(r,r2,r3) = f(m) = 4m. Interestingly, the growth rate
g(m) = +/4m is a monotonically increasing function of m
between g(0) =0 and g(1) = V2. This indicates that the
solitonic sector for 2DBOI (m ~ 1/2)is more unstable than the
periodic sector (0 < m < 1/2), which in turn is more unstable
than the linear sector (m ~ 0).

Numerical validation. To check the stability results
from the 2DBO-Whitham system, we also computed the
growth rates for the 2DBOI equation numerically. Let
u,(x,y,t) be a traveling wave solution of the 2DBO
equation as in Eq. (26), and let £ =x —ct. We seek a
perturbed solution in the form u(x,y,t) = u,,(§) + v(&,y,1)
with |v(€,y,t)|] < 1. Substituting this expansion into the
2DBO equation and dropping higher-order terms, we have
[, — cve + (upv)e + eH[vgg]]S + Avyy = 0. Using Galilean
invariance, we can transform u to ¢ + #i, obtaining (dropping
tildes)

[vi + (upv)e + €eH[veelle + Avy, = 0. (53)

Next we look for plane wave solutions of Eq. (53) in
the form v(&,y,1) = w(&)e'> T obtaining [uw + (Fow)s +
e’}'[[w‘,;g]]S — Azzw = 0, or equivalently, assuming that w has
no mean term,

—(@ow)s — €H[wee] + 21070, 'w = pw, (54)

where 9, 'w = F~'[(1/ik) F[w]] and F denotes the Fourier
transform. One can now treat Eq. (54) as a differential eigen-
value problem, which can be efficiently solved numerically
in the Fourier domain using Hill’s method [33] to obtain the
growth rate as the largest imaginary eigenvalue. To compare
the numerical results with those obtained from Whitham
modulation theory, note that when ry =g = p =0, r, = m,
and r3 = 1/2, the periodic solution (26) becomes

(x.0) 2

Up(x,t) = ,

" 1 —a—+2mcos{alx — (1 —a)]}

with a = % —m. We then solved numerically the result-

ing eigenvalue problem with 0 < m < 1/2. The difference
between the numerically computed growth rates and those
obtained from Whitham theory, shown in Fig. 1, is less than
107° for most values of m, and less than 10~* in all cases,
demonstrating excellent agreement and providing a strong
validation of the perturbation expansion presented in Sec. II
as well as the usefulness of the 2DBO-Whitham system itself.
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FIG. 1. The square f(m) = 4m of the instability growth rate as
predicted by Whitham modulation theory, given by Eq. (52), Inset:
comparison with the numerically computed growth rates.

V. CONCLUSIONS

In summary, we studied the small dispersion limit of the
2DBO equation by deriving a Whitham modulation system.
We transformed the system to Riemann-type variables and
we showed how suitable manipulations allow one to obtain
a system that is free of singularities, referred to here as
the 2DBO-Whitham system. We discussed several exact
reductions of the system as well as the formulation of well-
posed IVPs for the 2DBO-Whitham system, including the
2D generalization of the Riemann problem. We also used the
2DBO-Whitham system to study the linear spectral stability of
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the traveling wave solutions of the 2DBO equation and found
that all such solutions are spectrally unstable for the 2DBOI
equation and spectrally stable for the 2DBOII equation We
compared the analytically computed growth rates with a direct
numerical approach, obtaining excellent agreement.

From a physical point of view, the above stability results
imply that periodic trains of internal waves can be expected
to be stable to transverse perturbations in stratified media in
which surface tension is not dominant (i.e., media for which
the 2DBOII variant of the 2DBO equation is the appropriate
model, as opposed to 2DBOI).

The results of this work open up several possibilities
for further development of the theory. One such possibility
is whether the methods used in this work can be applied
to even further (2+1)-dimensional equations, e.g., such as
the modified Kadomtsev-Petviashvili equation, in order to
generalize the results obtained in [34] for the modified
Korteweg—de Vries equation. On the other hand, regarding
the 2DBO equation, further work is clearly needed to more
fully understand the properties of the 2DBO-Whitham system.
Importantly, we also expect that one can use the 2DBO-
Whitham system to study, analytically and numerically, the
formation of multidimensional DSWs in the 2DBO equation.
We plan to address some of these questions in the near future.
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