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Whitham modulation theory for the two dimensional Benjamin-Ono (2DBO) equation is presented. A sys-
tem of five quasi-linear 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
hyrdodynamic-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.

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 dynam-
ics, nonlinear optics, Bose-Einstein condensates, magnetic
films and thermal media, amongst others, cf. [1-10] and ref-
erences therein. Most of the studies in the literature have been
devoted to (1+1)-dimensional systems, however, and much
less is known about multi-dimensional systems.

Following some earlier works [11-13], recently there has
been considerable attention devoted 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 multi-dimensional
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 2D gener-
alization of Whitham modulation theory was formulated in
terms of Riemann-type variables and used to study impor-
tant 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],

(ur + vty + €H[urx])x + Ay =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

L[~ fy)
H = — —>>dy,
)= f 2y
where f denotes the Cauchy principal value integral (cf. [19]).
Equation (1) is a two-dimensional (2D) extension of the clas-
sical (i.e., one-dimensional) Benjamin-Ono (1DBO) equa-
tion [20, 21]

ur + uny + €H|uy] =0, )

and describes weakly nonlinear long internal waves in fluids
of great depth [18]. By analogy with the KP equation, the

cases A = —1 and A = 1 are referred to as the 2DBOI equa-
tion and 2DBOII equation, respectively. Similarly 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 negli-
gible [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 [25-29]. 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 ¥ = x + P(y, t) was used to reduce Eq. (1) to the
cylindrical Benjamin-Ono (cBO) equation,

up + uy + u+eH[uy,] =0, 3)

Ac
14 2Act
as well as to the write the resulting equations in terms of Rie-
mann 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 [30]), and we simplify the resulting system of partial dif-
ferential 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 sys-
tem to investigate the stability of the traveling wave solutions
of 2DBO equation. Note that, unlike the KP equation, Eq. (1)
is not known to be an integrable system. The methods pre-
sented 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.



II.LA The multiple scales expansion

We begin by rewriting the 2DBO equation as the system

up + utty + €H[ure] + Avy =0, (4a)
Uy = Uy . (4b)

We look for solutions of Eq. (4a) as u(6,x,y,t), with the
rapidly varying variable 6(x, y, t) defined by

Oy = k(x,y,t)/€, 6y = l(x,yt)/e, 6= —w(x,y,t)/e,
&)
where k, [ and w are the local wave numbers and frequency,
respectively, which are assumed to be slowly varying func-
tions of x, y and . Enforcing the equality of the mixed second
derivatives of 6 then yields three compatibility conditions

ki+we=0, L+w,=0, (62)
ky =1y =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 Egs. (6a) automatically imply that Eq. (6b) is
satisfied for all + > 0 if it is satisfied at = 0.
In terms of the fast variable 6 and the slow variables x, y, ¢,
Egs. (4) become
(— wug + kuug + K*H[ugg) + Alvg) /€
+ up + utix + H [kxug + 2kugy ] + Avy
+ 67'[ [uxx} — 0 , (7a)
(kvg — lug) /€ + (vx —uy) = 0. (7b)

T

We then look for a perturbative solution for u = (u,v)" as

u=u®0,xy,t)+euV(O,xy,t)+0E?). ©®

Substituting Egs. (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
—wuéo) + ku(o)uéo) + kz”H[u(Sg)] + )leéO> =0, (%)
kol — ¥ = 0. (9b)

Equations (9) can be written in vector form as My ul® =,
where My = M dy, with

(L Agk
M= (/\qk —Ak) ‘ (19)
L = —w+ ku® 4 k27{[9g], and where we defined
qg(x,y,t) =1/k, (11)

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

00 = qu® 4 p, (12)

where p(x, v, t) is to be determined at higher order in the ex-
pansion. Next we look at O(1) terms, which yield My ull =
G[u(9], where G[u] = (g1, ¢2)T and M; = 93M, and with
(13a)
(13b)

gi[u] = —up — uuy — Hlkyug + 2kug,| — Avy,
g [u] = Aoy —uy).

Note that M; is a total derivative in 6, and the solution of
Egs. (9) is periodic, with period P computed explicitly be-
low. To avoid secular terms, one needs the following two-
component periodicity condition:

P
/O Glu®]dg =0, (14)

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

P
/ u® . G[u®]d6 = 0. (15)
JO

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

II.B Leading-order solution and modulation equations

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

KH D] +u@ul —vil? o, (16)

where
VAP =w/k=Q. (17)
The solution of Eq. (16) is [20]

4k*
VA2 1 4K2 — Acos(6 — 6))

where 6 is a constant and the phase velocity V is given by
V=(1/2)VA2+4k>+B. (19)

Unlike the periodic solutions of the KP equation, the solu-
tion (16) involves trigonometric (as opposed to elliptic) func-
tions; its period as a function of 6 is simply P = 27t. When
k, V, B and g are constants, Eq. (18) is a 2D extension of
the periodic solution of the IDBO 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 Egs. (13) into Egs. (14) and (15) we have

3G, 193G, .9 B
ot Taax ey G T 2me) =0,

9G, 209Gs
or T39x 20

u(©) (6,x,y,t)

+p, (18)

(20a)



Dq 503G 3G, . Dp
+/\[2G2Dy 2q 3y q Y +2Gq Dy =0,
(20b)
dp 1 _dqg 1 DGy _
ox + Gl ox 2m Dy 0, (200)
where
i=123

and where we introduced the “convective” derivative

DB = i — qi . (21)
y dy ox

Specifically, Eq. (20b) follows from the Fredholm solvabil-
ity condition (15), Eq. (20a) from the first component of the
periodicity condition (14) and Eq. (20c) from the second com-
ponent of Eq. (14), which is simply

27T
/0 (0 —ul”yd6 = 0. 22)

Explicitly, using Eq. (18), we have

Gy = 27(B +2k), (23a)

Gy = 27t(B? +4Vk), (23b)

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

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

ki + (Qk), =0, (242)

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

%(/32 +4Vk)x + A[q(B+2k) +pl, =0,
(24¢)

{ g’y’(ﬁ+zk)

(B+2k): +

(B? +4Vk); + = (/33 + 6kV? 4 2k%), +

D
N T B

[a(B+2k) + plx —

Equations (24) comprise four evolution PDEs and one non-
evolutionary constraint [Eq. (24e)] for the five dependent vari-
ables V, B, k, p and q. When p is a constant, g vanishes iden-
tically and the other dependent variables are independent of
y, Egs. (24) reduce to the modulation equations for the 1IDBO
equation [26].

(B+2k), = (24e)

II.C Transformation to Riemann-type variables

Next we introduce Riemann-type variables to simplify the sys-
tem (24). Namely, we define the variables rq, 7o and r3 as

in the Riemann invariants for the 1DBO equation by letting
[14, 26, 27],

V=mn+ry, k=rs—r, B=2r. (25)
(This transformation is similar to the one for the Korteweg-de
Vries equation [31], and rq, rp, 13 are obtained from V and k
and B by inverting Eqgs. (25).) In terms of rq, 7, 73 and g,
the leading-order solution of the 2DBO equation is

u(o)(x, y,t) =2r1 +2(r3 — rz)z/

(r3s41r—2r) — 2\/(r2 —r1)(r3—ry)cos@|, (26)

with 6 determined (up to an integration constant) by Egs. (5).
When rp — 11, Eq. (26) reduces to a constant. Whenry — r3,
Eq. (26) yields the line-soliton solutions of Eq. (1):

8(r3 —r1)
4(rs —r)2x+qy — (2rs+ Ag?)t2 +1"°
27
(Note however that the solution in Eq. (27) decays alge-
braically as x — Fo00, unlike the line solitons of the KP equa-
tion.)

Rewriting the system (24) in terms of =(rq, 72, 73, 4, p)7,
one obtains the hydrodynamic system Rr; +Sry +Tr, =0,
where R, S and T are 5 X 5 real-valued matrices. In particular,
R has block structure R = diag(R4,0), where Ry denotes a
4 x 4 matrix. Even though R is not invertible, we can multi-
ply the vector equatlons from the left by the “pseudo-inverse”

= diag(R, *,0), obtaining

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

Irt+Arx+Bry:0, (28)

where I = diag(1,1,1,1,0), A= R !Sand B=R~'T.

While the Whitham system for the 1DBO equation is di-
agonalized 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.

The system (28) becomes singular as rp — r1 and as rp —
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 1DBO 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 = I/k, the third compati-
bility condition, Eq. (6b), can be written as

S - S2—(rs—r)5t =0, (29)

Equation (29) is identically satisfied when g is zero and
11,72, 73 are independent of y. Subtracting a suitable multi-
ple of the constraint (29) from each equation, and a suitable
multiple of Eq. (24¢) from the other equations, the five mod-
ulation equations take on the particularly simple form, which



is also completely free of singularities:

ri ar D AD
Tj Tj qg rPp
8t+(v+/\q) +2AqDy+AJDy+2Dy 0,
i=1,2,3, (30a)
9 2,99 Dq  Drs
o + (Vo + Ag? )E)x +2AqDy +2Dy 0, (30b)
dp ,Dn 9q
ppe ZD—y + 2rq1 155 =0, (30¢)
where
Vi =2r;, =123, (31a)
Vg =13 —"1r+711, vp=vz3=r3+1rn—r. (31b)

That is, all coefficients in Egs. (30) have finite limit as rp —
r1 and as 1 — r3. Note that Vi,..., Vs are exactly the
characteristic speeds of the 1IDBO-Whitham system. Also,
vy, ..., Vs 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.

ILD General nature of the last two modulation equations

One of the novelties of the system (30) compared to the 1D
case is the presence of Egs. (30b) and (30c), which determine
the new dependent variables g and p. An alternative but equiv-
alent version of these two equations can be obtained by noting
that they can be derived separately from the equations for the
Riemann-type variables r1, 7o, 73 in a straightforward way.

Indeed, using the first of Eqs. (6), (11) and (17), the second
of Eq. (6) yields

9q dq DO
5t 05+ oy =0 (32)
where Q = w/k = V + Ag* as before. Importantly,
Eq. (32) arises whenever one seeks multiple-scale solutions
of a multi-dimensional system, leading to the compatibil-
ity conditions (6). Thus, the only difference between the
2DBO Egqg. (1) and other evolution equations is just how ()
is given in terms of the other dependent variables. For ex-
ample, for the KP equation one also has Q) = V + )\qz, but
V = 2(ry + rp + r3) in that case, whereas for the 2DBO
equation we have V = rp + 3.

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 Gy = 47t(rq + r3 — 12),
whereas the expression for the KP equation is slightly more
complicated.

Substituting () and G in equations (32) and (20c) yields,
respectively

99

0
*+(V2+73+/\072)£+

D
> —(r+13+Ag%) =

Dy
(33a)

0 D
2(r1+13 —rz)—q —2—(r1+r3—r)=0.

o
ox 0x Dy
(33b)

These equations can be transformed to Eqgs. (30b) and (30c)
using the compatibility condition (6b). Also, the equations
for 11, 72,73 can be obtained by “diagonalizing” Eqs. (24a),
(24c) and (24d), which are the analogue of the modulation
equations for the 1DBO. For brevity we omit the details, and
we will report on these issues in a future publication.

ITII. 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 prob-
lem for the 1DBO-Whitham system [27].

IILA Exact reductions of the 2DBO-Whitham system

One-dimensional reductions. Suppose that r1,79,73 de-
pend on x and y only through the similarity variable 7 =
x+ P(y,t) and g = Py(y, t), with p(x,y,t) a constant. Then
it is straightforward to see that Dr;/ Dy = 0. Since 4 is inde-
pendent of x and p is a constant, Egs. (30) become

ar/ or; 5, O7j ,

5 +Pta’7 (Vi +AP) 50+ APy =0, j=1,2.3,
(34a)

aq 9q

5 + 2=+ oy =0. (34b)

(The fifth modulation equation is identically satisfied in this
case.)l In terms of Py, Eq. (34b) is Pty +2AP, Pyy = 0, which
after integration yields Pr + /\Py2 = 0. In turn, the system of
equations (34a) becomes

arj

or
]
E‘FV] +AV]Pyy—0

3 j=123. (35)
In order for this setting to be self-consistent, however, the last
term in the LHS of Eqgs. (35) must be independent of iy. There-
fore, only three possibilities arise:

() P, = 0, in which case one simply has q(x,y,t) = 0
(implying that the resulting behavior is one-dimensional) and
P(y,t) = 0, as well as 7 = x. In this case, the system (35)
reduces to the Whitham system for the 1DBO equation [26].

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

(iii) Py, = f(t) is a function of , in which case § = P, =
f(t)y, and Eq. (34b) now yields f; +2A f2 = 0. This ordinary
differential equation is easily solved. In particular, for a con-
stant IC f(0) = ¢ = const, we have f(t) = c¢/(1+ 2cAt),
and hence q(y,t) = cy/(1+ 2cAt), which reduces sys-
tem (35) to the Whitham system for the cBO equation [14].



Genus-zero reductions. Two further exact reductions of
the system (30) are obtained when r1 = 1, and 7, = 73,
respectively. In the first case, the leading-order periodic solu-
tion degenerates to a constant with respect to the fast variable,
while the second one yields the solitonic limit.

When r; = rp, the PDEs for r; and 1, coincide. As aresult,
system (30) reduces to the following 4 X 4 system:
or Drq Dg

1 —
ax +2/\£]D7y+)\737+77 —0,

ar
ZTtl + (2r1 + )\qz)

9 D D
+ (23 + A?) a—:f +2AqD—”y3 +Ar3D—Z + 2Dy =0

ars
ot

99 294 53 P, ,Prs _
5 +(2r1+ Aq )ax +2/\qDy+2Dy =0,

ap D )
S Tt e )

ox Dy 0x (36d)

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

I opgP2 o P9 ADP

d
o + (2r1 + )\qz)

1 1
(37a)
81’3 2 31’3 D1’3
o + (2r3 4+ Aq7) o +2Aq Dy
_,Pa_ ADp
+A(2r3 Vl)D + 2Dy 0, (37b)
9q 2y 99 Dg  ,Dr3 _
o + (2r3+ Mg )ax—i-Z/\qDy—i—ZDy =0, (37¢)
o _Pn 5% g (37d)

ox Dy 9x

IILB Initial-value problems for the 2DBO-Whitham system

ICs. The problem of mapping an IC for u to ICs for
the variables rq,7p,73 is the same as in the 1DBO case.
Once this step is done, one can determine the IC for g us-
ing the constraint (6b) at t = 0, obtaining k,(x,y,0) =
[k(x,y,0)q(x,y,0)]x. Note that k(x,y,0) is easily found us-
ing Eqgs. (25). Integrating this equation, we then have

1 X
155,0) = oo (G0 [ k@woe) o

where Cy = q(x0,y,0)k(x0,y,0) and k(x,y,0) is assumed
to be non-zero. Also, integrating Eq. (30c) determines p for
all £ > 0 up to an arbitrary function of i and ¢, that is

- ~1|,Pr_, 99
p(x,y,t) =p (y,t) + 0y [ZDy 2rim2l, (39)

where

o [f] = /;f@,y,t) d¢. (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 rq, 1,73 as x — =00 are constants. Al-
ready in the Riemann problem for the cBO equation, however,
this is not true anymore, and the BCs for rj can be obtained
from solving a reduced system of ODEs for f [14]. In the full
2DBO-Whitham system, the BCs of the Riemann invariants
may in general also depend on the independent variable v.

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

o(x,y,t) =0 (y,t) + 95 [uy], (41)

where we use the superscript “—" to indicate limiting values
as x — —oo, and 93 ! is defined by Eq. (40) as before. Sub-
stituting Eq. (41) into Eq. (4a) yields

e+ utty + €M) + A7 uyy] +A0y0" =0.  (42)

Taking the limit of Eq. (42) as x — —oo we see that, if one
is interested in solutions # which tend to constant values as
x — —oo (i.e., u” independent of t), one needs 9,0~ (y,t) =
0. Ignoring an unnecessary function of time, we can then take
v~ (y,t) = 0. And Eq. (12) then leads to

p-+uq =0, (43)
which determines p~. Similar arguments carry over to the

2DBO-Whitham system. That is, taking the limit x — —oo,
the system (30) becomes

or; or; da— Aop—
j - -99 Aop P
5 +2Aq 3y —l—)wj 3y +2 3y 0, j=123,
(44a)
9q~ 99~ 0135 _
o T2 5 25 =0, (44b)

which determine the time evolution of 7, 7, , 73 and g4, plus
or; /oy =0, (44¢)

which would seem to impose a limitation on the admissi-
ble BCs. We next show, however, that when r; = 7, or
Ty =75, this condition on rq is satisfied automatically, mak-
ing Eqgs. (44) a self-consistent system.

Whenr; = r, one has u™ = 2r; . Hence, Egs. (44a) with
j = 1 and Eq. (44c) yield dr; /dy = 0 and dr; /ot = 0.
Moreover, the PDEs obtained from Eqgs. (44a) with j = 1,2
coincide (as they should, since r;” = ;). Finally, Egs. (44a)
with j = 3 is identically satisfied since u~ = r; is a con-
stant, and Eq. (44b) yields an (1+1)-dimensional Hopf equa-
tion which determines the time evolution of 4 :

9q~ _dq~
A0 —— =0. 45
5 t2M 3y (45)
Similarly, when r, = ry,onehas u™ = 21’; . Hence,

Egs. (44a) with j = 1 and Eq. (44c) yield dr; /dy = 0 and
dry /ot = 0. Moreover, the PDEs obtained from Egs. (44a)



with j = 2,3 coincide (as they should, since r, = r3). Fi-
nally, Egs. (44a) with j = 3 and Eq. (44b) yield the following
system of 2 (1+1)-dimensional ODEs for ¥~ =r; and g™:

or~ _or~ _ Nl
09~ _0q~ or-
Ta +2Aq —ay —|—2—ay =0, (46b)

Similar considerations also apply for the BCs as x — co.
That is, Eqs. (45) or (46) hold as x — oo when 7~ and g~ are
replaced by r and g .

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 corre-
sponding to a single front:

{1, x+c(y) <0, 7

7 /0 -
u(xy,0) 0, x+c(y) >0,

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

n(x,y,0) = 0, r2(x,,0) = Ra(x+c(y)), ra(x,4,0) = 1,
(48)
where Ry (&) smooths out the jump between 0 and 1/2, e.g.,
Ry(g) = (1 +tanh [¢/4]), with § a small parameter. To
determine the corresponding IC for g, note that Egs. (48) im-
ply that the constraint (6b) is satisfied at t = 0. Also, Egs. (25)
and (48) imply k(x,y,0) = 1_ r2(x,y,0), and it is easy to
check that k,(x,1,0) = c’(y)kx(x,y,0). Therefore, substi-
tuting in Eq. (38), the IC for ¢ reduces to g(x,y,0) = ¢/ (y).
If ¢(y) is constant or linear in y the IC for g is trivial,
whereas if ¢(y) is a quadratic function of y one reduces to
the ICs of the Riemann problem for the cBO equation. Fi-
nally, 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 r1,75,73,4, 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

1,-]:7]4—7’;, j:1/2/3/ q:q/’ p:p/’ (49)

where 71,7y, 73 are arbitrary constants satisfying 7y < 7 <
73, together with |r;-(x, vyt < 1 forj = 1,23,
|9’ (x,y,t)| < 1and |p’(x,y,t)| < 1. Substituting Eqgs. (49)
into Egs. (30) and dropping higher-order terms, we obtain
or’ or’ od  Aov

I . 09 14 :
- vV, — AV —— *7:0/ :1/2/3/
ot T iax Ty T2y ]

9 ~ o ory ap’ or} _oq

where Vi,..., V3 and 11, ..., 73 denote the unperturbed val-
ues of all the corresponding coefficients, as defined in
Egs. (31). Next we look for plane wave solution of the above
system of linear PDEs in the form

ri(x,y,t) = Ry i — 1.0 3, (50a)

(4 (x,y,1), P (x,, 1)) = (QP) =W (50b)
obtaining the homogeneous linear system

(W —KV;)R; = AL7;Q + ALP/2, j=1,2,3, (5la)

(W—KV)Q =2LR3, KP=2LR;—2K#Q. (51b)

Non-trivial values of (Rq, Ry, R3, Q, P) exist if the determi-
nant of the corresponding coefficient matrix vanishes, which
yields the linear dispersion relation Py (K, L, W) = 0, where
P,(K, L, W) is a polynomial that is cubic in W and quartic in
K and L. The periodic solution of the 2DBO equation cor-
responding to 71, 7o, 73 is therefore linearly stable if W € R
for all K,L € IR, because in this case perturbations remain
bounded. Conversely, if there exist solutions with ImW # 0
for K,L € IR, some perturbations will grow exponentially,
and the periodic solution is unstable.

In particular, for K = 0 (corresponding to perturbations
independent of x), the dispersion relation simplifies to

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

where f(r1,12,13) = 4(rp —r1). Since f(rq,72,73) 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{ = 0,7, = m and r3 = 1/2, which is
relevant to the Riemann problem discussed earlier, we simply
have f(r1,72,73) = f(m) = 4m. Interestingly, the growth
rate ¢(m) = V/4m is a monotonically increasing function of
m between ¢(0) = 0 and g(1) = /2. 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 (1 ~ 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) = um(&) +v(¢,y,t) with [v(,y,t)| < 1.
Substituting this expansion into the 2DBO equation and drop-
ping higher-order terms, we have (v; — cvg + (Umv)s +
eM[vgg]) ¢ T Avyy = 0. Using Galilean invariance, we can
transform ug to ¢ 4 ilg, obtaining (dropping tildes)

(Z)t + (Mmi))g +€eH [Ugd)é + /\Uyy =0. 53)
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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.

Next we look for plane wave solution of Eq. (53) in the
form v(¢,y,t) = w(&)e“V M, obtaining (pw + (dgw)s +
eH[wee]) c AZ?w = 0, or equivalently, assuming that w
has no mean term,

—(flow)¢ — eH [wee] + Agzaé—lw = pw, (54)

where aglw = F1[(1/ik) F[w]] and F denotes the
Fourier transform. One can now treat Eq. (54) as a differential
eigenvalue problem, which can be efficiently solved numeri-
cally in the Fourier domain using Hill’s method [32] to obtain
the growth rate as the largest imaginary eigenvalue.

To compare the numerical results with those obtained from
Whitham modulation theory, note that whenry = g = p = 0,
rp = m and r3 = 1/2, the periodic solution (26) becomes

U (x,t) =242 /{1 —a — 2mcos[a (x — (1 —a)t)]},
with a = % — m. We then solved numerically the result-
ing eigenvalue problem with 0 < m < 1/2. The dif-
ference between the numerically computed growth rates and
those obtained from Whitham theory, shown in Fig. 1, is less
than 10~ 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
section as well as the usefulness of the 2DBO-Whitham sys-
tem itself.

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 sys-
tem 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 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 [33] 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 multi-
dimensional DSWs in the 2DBO equation. We plan to address
some of these questions in the near future.
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