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The higher order corrections to the equations that describe nonlinear wave motion in shallow
water are derived from the water wave equations. In particular, the extended cylindrical Korteweg-
de Vries and Kadomtsev-Petviashvili equations —which include higher order nonlinear, dispersive
and nonlocal terms— are derived from the Euler system in (241) dimensions, using asymptotic
expansions. It is thus found that the nonlocal terms are inherent only to the higher dimensional
problem, both in cylindrical and Cartesian geometry. Asymptotic theory is used to study the
resonant radiation generated by solitary waves governed by the extended equations, with an excellent
comparison obtained between the theoretical predictions, for the resonant radiation amplitude, and
the numerical solutions. In addition, resonant dispersive shock waves (undular bores) governed by
the extended equations are studied. It is shown that the asymptotic theory, applicable for solitary
waves, also provides an accurate estimate of the resonant radiation amplitude, of the undular bore.

Keywords: Solitary waves, undular bores, resonant radiation, asymptotic theory, extended Korteweg-de Vries
equation, extended Kadomtsev-Petviashvili equation.

I. INTRODUCTION

The study of waves on the surface of a fluid is a classi-
cal topic in fluid mechanics, with a mathematical history
dating back to the pioneering work of G.G. Stokes [1, 2],
and summarised in the classic text of H. Lamb [3]. In
fact, water wave theory forms the backbone of much of
oceanography, ocean engineering and water engineering.
While a classical problem, water waves and the solutions
of the water wave equations are an on-going topic of re-
search. The water wave equations are a nonlinear free
surface problem consisting of a linear equation, namely
Laplace’s equation for the motion of the bulk fluid, to-
gether with nonlinear kinematic and dynamic boundary
conditions which give continuity of the surface and conti-
nuity of pressure across the surface, respectively [4, 5]. Tt
is these nonlinear boundary conditions which mean that
the full water wave equations cannot be solved, in general
[4]. For this reason, the water wave equations have been
studied in various asymptotic regimes, including the lin-
ear and weakly nonlinear limits, leading to Stokes’ expan-
sions and studies of modulational instability [4]. Another
widely studied asymptotic regime is the weakly nonlin-
ear, long wave regime, for which the wavelength of the
wave is much larger than the depth of the fluid, and the
amplitude of the wave is much less than the fluid depth.
This leads to equations of Boussinesq and Korteweg-de
Vries (KdV) type when dispersion and nonlinearity are
balanced [4, 5]. An additional attraction of this asymp-
totic limit is the integrable nature of the KdV equation
[4, 6] and the applicability of the KdV equation to waves
in nature in both the ocean and atmosphere [4, 5, 7, 8], as
well as to waves in plasmas [9, 10], optical fibers [11, 12],
Bose-Einstein condensates [13], nematic liquid crystals

[14], exciton-polariton superfluids [15], and so on.

As stated, the KdV equation can be derived from the
water wave equations in the long wavelength, weakly non-
linear limit using an asymptotic expansion in two small
non-dimensional parameters, the scaled wave height and
the inverse scaled wavelength. Extending this asymp-
totic expansion to the next order results in the extended
Korteweg-de Vries (eKdV) equation
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where subscripts denote partial derivatives and ¢ is the
scaled wave height parameter [16]. This eKdV equation
arises in a number of physical contexts. It can be de-
rived from the water wave equations for surface gravity
waves, in which case the coefficient values are ¢; = —3/8,
e = 23/24, ¢c3 = 5/12 and ¢y = 19/360. The full eKdV
equation (1) has been used to study higher order disper-
sive shock waves, termed undular bores in fluid mechan-
ics [17] and solid mechanics [18], transcritical flow over
topography [19], as well as solitary waves in weakly non-
local media [20]. In the special case ¢ = ¢35 = ¢4 = 0,
so that higher order nonlinearity dominates over higher
order dispersion, the eKdV equation (1) is the Gard-
ner equation, which is integrable; this equation arises
for large amplitude internal water (ocean) waves [21-23],
as well as in plasma physics [24, 25] and quantum fluid
mechanics [26]. As well as studying higher order KdV-
type solitary waves, to be discussed next, the Gardner
equation has been used to study higher order dispersive
shock waves, termed undular bores in fluid mechanics,
[27] and their application to transcritical flow over to-
pography [16, 28]. For ¢; = co = ¢3 = 0 the eKdV



equation (1) reduces to the Kawahara equation [29]
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U + iuuz + guxxx + ECiUzprar = 0. (2)

This equation arises for gravity-capillary waves when the
Bond number is near 1/3 [30]. As well as studying cap-
illary waves, the Kawahara equation has been used to
study resonant undular bores in nonlinear optics [31, 32].

The introduction of the higher order nonlinear, disper-
sive and nonlinear/dispersive terms to the KdV equation
leads to genuinely new effects, not just small corrections.
The solitary wave solution of the Kawahara equation (2)
is resonant if ¢4 > 0 in that linear dispersive radiation’s
phase velocity can match the solitary wave velocity, re-
sulting in the solitary wave radiating and decaying [33—
37]. As an undular bore is a modulated wavetrain, in its
standard form with solitary waves at one edge and linear
waves at the other [38], undular bores governed by the
Kawahara equation (2) are also resonant, with the bore
shedding a resonant wavetrain ahead of it [30]. Since the
undular bore is formed from an initial step which con-
nects two distinct levels, one of which is non-zero, this
resonance does not cause the bore to decay, but results
in non-standard forms if the initial step is large enough,
which can include the near total destruction of the bore
structure itself, with only a strong resonant wavetrain
remaining [30, 39]. In addition to water wave theory,
the Kawahara equation (2) has been shown to apply to
the nonlinear optics of nematic liquid crystals [31, 40], so
that resonant undular bores can exist in this medium as
well [31, 32, 41].

Given this importance and widespread use of the eKdV
equation in the one dimensional (1D) setting, in this work
the extended cylindrical Korteweg-de Vries (ecKdV) and
the extended Kadomtsev-Petviashvili (eKP) equations
will be derived from the full water wave equations in
the quasi-1D and two-dimensional (2D) settings, respec-
tively. The KP equation is the 2D equivalent of the
KdV equation when weak lateral dispersion is included
[42, 43], while the cKdV equation is the radially symmet-
ric two space dimensional equivalent of the KdV equation
[44]. Tt will be found that as well as the inclusion of the
fifth derivative term ugzzz2, as for the eKdV equation—
which can lead to the resonance discussed above— the
ecKdV and eKP equations include nonlocal, integral-type
terms, which lead to qualitatively different behaviour to
the cKdV and KP equations. These extended equations
will be used to study solitary wave resonance due to the
fifth derivative. As noted above, solitary wave solutions
of the Kawahara equation (2) are in resonance with dis-
persive radiation due to the fifth derivative ;.0 term
leading to non-convex dispersion for ¢4 > 0 [34]. While
the full water wave eKdV equation (1) with water wave
coefficients ¢;, i« = 1,...,4, has a fifth derivative term
of the appropriate sign to lead to resonance between the
linear wave phase velocity and the solitary wave veloc-
ity, such a resonance has not been observed in numeri-
cal solutions [19]. In the case of the eKdV equation an

asymptotic study will show that there is a node in the
resonant wave amplitude for certain combinations of ¢;,
i=1,...,4. It is found that the water wave coefficients
nearly satisfy one of these nodal relations. The existence
of this resonant wave amplitude node in higher dimen-
sions is investigated using the eKdV and ecKdV equa-
tions derived in this work. This study of the dependence
of the resonant radiation on the higher order coefficients
is extended to resonant undular bores governed by the
extended KdV and cKdV equations, with resonant wave
amplitude minima found for the water wave coeflicients,
as for resonant solitary waves.

Although the above analysis and results refer to the
shallow water wave problem, we also show that a con-
nection with other physical contexts is also possible. In
particular, we employ an asymptotic expansion method —
similar to the one used to treat the Euler system— and re-
duce a generic nonlocal 2D nonlinear Schrédinger (NLS)
model that governs beam propagation in media featuring
a spatial nonlocal nonlinearity [45] (such as nematic lig-
uid crystals [46, 47]) to the ecKdV equation. The latter
has a form similar to the one which was derived for shal-
low water waves, which suggests that phenomena that
occur in shallow water may also occur in optical systems.

Our presentation is organized as follows. In Section II,
we present the framework of the Euler (or water wave)
equations, while in Sections IIT and IV, we derive the
ecKdV and the eKP equations, respectively. In Sec-
tions V and VI we analyze solitary wave and undular
bore resonance, respectively, for both the 1D and quasi-
1D (polar coordinate) setting. In Section VII, we present
the derivation of the ecKdV equation from a nonlocal
NLS model. Finally, in Section VIII, we summarize our
conclusions.

II. WATER WAVE EQUATIONS

Let us consider gravity waves on the surface of an in-
compressible, inviscid fluid of undisturbed depth h. The
fluid velocity w can then be expressed in terms of the ve-
locity potential ¢ as u = V¢. The z and y coordinates
are taken in the horizontal plane with the z direction
vertically upwards, opposite to the direction of gravity,
the acceleration due to gravity being denoted by g. The
displacement of the fluid surface from the undisturbed
state is taken as z = n(z,y,t), so that z = 0 is the undis-
turbed level. The water wave equations are then set in
non-dimensional form, with the z coordinate scaled by
the depth h, x and y by typical wavelengths A, and A\,
in these directions, respectively, time ¢ by \,/v/gh, the
surface displacement 7 by a typical wave amplitude a and
the velocity potential is measured in units of \,ga/+/gh.
It is noted that ¢y = v/gh is the linear long wave speed.
The dimensionless water wave equations for surface grav-
ity waves are then [4, 5]

¢zz + ,U2¢zz + ,U252¢yy =0, —-l<z<en, (3)



which is Laplace’s equation, in the fluid bulk, together
with the impenetrable boundary condition:

z=—1, (4)

at the fluid bottom and the dynamic and kinematic
boundary conditions

€ 1

B2 [ne+ e (Gatie + 6°0yny )] = 02, 2 =c¢n, (6)
In these non-dimensional water wave equations, the non-
dimensional wave parameters are ¢ = a/h for the wave
amplitude, § = A;/\, for the ratio of the wavelengths
in the x and y directions and p = h/)\, for the wave-
length, that is dispersion. In the present work, we con-
sider weakly nonlinear long waves, that is the wavelength
is much greater than the water depth, i.e., p < 1, and
the wave amplitude is much less than the fluid depth, so
that e < 1. The usual KdV-type balance between weakly
dispersive and weakly nonlinear effects will be used with
e=p? [4].

III. EXTENDED CKDV EQUATION

Let us now consider the water wave equations (3)—(6)
in the weakly nonlinear, long wave limit for the special
case of quasi-1D circularly symmetric waves, leading to
the cKdV equation [44], but extended to the next order
in the asymptotic expansion, leading to the ecKdV equa-
tion. In this case, taking § = 1, the water wave equations
in plane polar coordinates read:

1
d)zz +e <¢rr + ;QST) = 07 (7)
in the fluid bulk, together with the boundary conditions

¢, =0 at

1
¢t+§<¢f+g¢§)+n0 at z=en, (8b)

z= -1, (8a)

1
e+ eprmy = ggbz at  z =en. (8¢)
Following the derivation of the standard ¢cKdV equa-
tion [7] (see also [48]), we introduce the stretched radial
R and time T variables and scaled velocity potential ®
and surface displacement H:
R=¢(r—t), T=c% ¢=cb, n=c’H (9)
We now asymptotically expand the velocity potential &
as follows:

@:@0+€3¢1+€6@2+€9@3+"'. (10)

Laplace’s equation for the fluid, Eq. (7), then becomes:
(R+T/e*)®oz. + T (P12 + Porr)
+53 [R(I)lzz + T(I)2zz + (R(I)OR)R + Tq)lRR]
+e% [R®2.. + T®3.. + (R®1R)  + TP2rr] = O(?).

Solving this equation at each order of €, and applying the
bottom boundary condition (8a), gives

dy = AR, T), @, @Alﬂ%
Dy = _& ;—Tl)QAR-i- (2 ;—41)4ARRRRa
Q3 = < JQF;QQRAR—F (21;1{)414333
- %ARRRRRR, (11)

where any homogeneous solutions that arise in higher-
order terms are absorbed into the leading order solution
®(. These solutions are then substituted into the surface
boundary conditions (8b) and (8c), keeping terms up to
O(9).

Differentiating the dynamic boundary condition (8b)
with respect to R yields:

1
Hr —wr + e (’LUT + wwpr + §wRRR)

1 1 1
+&° (ﬁwRR + Hpwgrp + SWRWRR — 5WRRT

1 1
+HwRrRR — SWWRRR — ﬂwRRRRR> =0, (12)

while the kinematic boundary condition (8c) yields:

1 1
~Hr +wp + & (Tw + Hr + (Hw) p — gwRRR)

1 1
- —(H + — = 1
2( wRR)R 120wRRRRR> 0, ( 3)

where we have introduced the new variable w with A =
wpr. To make equations (12) and (13) consistent, we set

w=H+e*w; +Swy + ..., (14)

and retrieve from compatibility the functions wy and ws:

1 1 1
= ——H?’+ -Hpr — —(0,"H
w1 1 +3 RR QT(aR ),
1 3 1 1
= —H3+ —H%+-HH —H
() 3 +16 R+2 RR+10 RRRR
11 1
— |=Hp — — (0, H?
tT [6 &~ 150k )}

(15a)

(15b)

11, 5 .
+ 7 [5(831RH)+§(8R2H)].



Here, the operator 8;21 is defined as

Finally, substituting these expressions for w; and ws,
and hence w, into the kinematic boundary condition (12)

o — /RH(R’ T)dR' (16) gives the extended cylindrical KdV (ecKdV) equation:
r = ) .
0
|
3 1 1 3 23 5 19
H “HHr+-H —H+¢&*| —=H?Hr+ —HpH —HH —H
T + 5 R+6 RRR+2T +¢ < 3 R+24 R RR+12 RRR+36O RRRRR)

e3[3 1 1 g3 R 1

— | =H?+ ZHpp— ~Hroz'(H — |-=H+ =0;'(H)| =0. 17
b5 | R~ SR04 o |- H + o) (1)

Note that in the 1D case, i.e., ignoring the terms with 1/T
and 1/T? which result from the ¢,/r term in Laplace’s
equation, the above extended cKdV (ecKdV) equation
reduces to the usual, 1D, extended KdV equation for
surface gravity waves [16, 49]. It should also be men-
tioned that, while the radially symmetric water wave
equations (8) have no dependence on the polar angle 6, it
still describes radially symmetric water waves which are
not purelylD objects.

We additionally note that the higher dimension has
introduced terms in the ecKdV equation which are non-
local due to the operator 651. However, we note that for
large time 7', the ecKdV equation reduces to the eKdV
equation. This is expected as for large T the radius of
curvature of a wave will be small as it propagates into
large R, so that the wave is essentially one dimensional.
This will become more apparent in the fully 2D case that

T Sue + Tugee + 8
Ur + —ulg + = €
g e T g HEEL
41 ) 3
_%uﬁﬁ — 1—8§U£55 + uiagl(u) +e372 |:—§U2U§

We note that the O(e?) “correction” to the original trans-
formation for H in (19) serves to cancel any inhomoge-
neous terms produced up to that order.

IV. THE EXTENDED KP EQUATION

Next, we derive the fully 2D extended KP equation
as an approximation to the water wave equations in the
weakly nonlinear, long wave limit for which there is weak
lateral dispersion [42, 43]. As for the derivation of the
ecKdV equation, the dimensional water wave equations
for water waves propagating over a flat bottom consist of

¢ & g
6(11+2410g7‘)u 2(1+410g7')u5 685 (u)

we study below.

We conclude this Section with a comment on the con-
nection between the ceKdV equation (17) with its Carte-
sian counterpart. We recall that, in the absence of higher-
order effects, the “regular” cKdV and KdV equations
can be linked to each other via a transformation [44, 50].
Such a transformation also exists for the ecKdV equa-
tion (17) that maps it to a perturbed KdV equation. In
detail, upon defining;:

R 1 43

H = —_ _— 272 1
13 1

R =2 =—— 19
T’ 272’ (19)

we may transform the ecKdV equation (17) to the per-
turbed KdV equation

2 1

+ &3 =

1 1
8u2 + §«£uu5

19 6
- _ - = . 2
+ 5 deuse + T uugee + 360%5555] 0() (20)
[
Laplace’s equation for the fluid bulk:
Pz +E(Puw +E8%0yy) =0, —1<z<en,  (21)
together with the bottom boundary condition,
%:0 at z=—1, (22)



and the dynamic and kinematic boundary conditions on
the free surface,

1 1
o + € (¢i+552¢§+g¢3) +n=0 at z=-en,
(23a)

1

N+ € (Gane +86%0ymy) = —¢.  at

- (23b)

z =emn.

We note that, once again, the parameter 62, measuring
the ratio of wavelengths in the = and y directions, is of
order O(1) and while it can be absorbed trivially via a
change of coordinates, it is left to act as a measure of the
dimensionality contribution.

Similarly to the derivation of the ecKdV equation, we
expand the velocity potential ¢ as:

¢:¢0+€¢1+€2¢2+€3¢3+"'. (24)

Substituting this expansion into Laplace’s equation (21)
gives:

¢Ozz + €(¢1zz + ¢Ozz + 62¢Oyy)
+ 52 (¢222 + ¢lmm + 62¢1yy)
=+ Eg(d’Bzz + ¢2zz + 52¢2yy> == 0(54)- (25)
We now solve Laplace’s equation at each order of € using
the bottom boundary condition (22). Again, solving the

differential equations at each order of € and applying the
bottom condition gives the solutions:

¢O(x7y)z)t) = A(‘r7y)t)7

+1)°
ezt = W v a,)
1 4
p2(,y, 2, t) %(Amm + 252Azzyy + 54Ayyyy)a
1 6
¢3 (SC, Y, =, t) - % (Azzzzzz + 352Ammxmyy
+ 30" Avayyyy + 0% Ayyyyyy)- (26)

Differentiating the dynamic boundary condition (23a)
with respect to x, substituting the solutions (26) of
Laplace’s equation and introducing A = w,, casts

Bernoulli’s equation (23a) and the kinematic boundary
condition (23b) into the forms:

1
Wy + T + € (wwz - _wzzt) + 52 52wy(0;1wy)

2

1, 1
- 55 Wyyt — NaWat + §wzwmc — NWgat
1 1
- iwwzzz + ﬂwxxamct = 0; (27)

and

1

_ _ 1
+ 2 0% (05 twyy ) + 6%y (07 Mwy) — 562wwyy
1 1

To make these two equations consistent we again set
w =1+ e(wy + §wiz) + & (wz + 0*wa1) + ..., (29)
where we have isolated different corrections to emphasize

the role of the added dimensionality. Substituting this
expansion into (27) and (28) gives:

1, 1
= — 5 xxs 30
wy FUAREEY (30a)
1
w12 = *5(9;2777;7;, (30b)
1, 3., 1 1
wp = 20’ 10+ 5w + g Tewee (30c)

1 3. _
W21 = gnyyfga 1(778z1(77yy)>

S, 36%
+ gaz 2(7777yy + 775) + ?am 4(77yyyy)' (30d)
We note that w; and ws have already been found in Ref.
[49]. Finally, substituting these w;; into the kinematic
boundary condition (28) gives the extended KP (eKP)
equation:

3 1 , (1 o 3 4 23 5 19

1

22
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9 2
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It is clear that the effect of the higher dimensionality
in this eKP equation is more pronounced than for the

1 1 _
MMyy + anzyy — = Ne20, 2(77yy)

8 12 360

— 3Nz

3 _ 6
3 0y 1(77yy) + Ny Oy 1(77y) - gax 2(77yyyy)] =0. (31)

ecKdV equation (17). Indeed, the additional terms ap-
pearing over those in the ecKdV equation, measured by



the parameter §, are highly nonlocal due to the operator
9,1, which now occurs in multiple terms.

Notably, the eKP (31) and ecKdV (17) equations are
related. Indeed, as the radius of the waves grows, or

2 6 8

2

in the limit T" > 1, the wave front becomes locally flat
and the ecKdV equation (17) may be approximately de-
scribed by the eKdV equation

23 19

24 12 360

3 1 ,( 3 5
e+ +e| 0 + Z0rr | +€ =S N + o Ner + 5 MMerr + o2 Nerrer | = 0,

where all variables are defined as in (9).

V. SOLITARY WAVE RESONANCE

A. One space dimension

Let us now consider the behaviour of solutions, partic-
ularly solitary wave solutions, of the eKdV equation (1)
and the ecKdV equation (17). To connect directly with
previous work on (1 4+ 1) dimensional eKdV equations,
we shall rescale the eKdV equation (1) to:

vy + 6’1)1)5 + Vege

+er (div?ve + davevee + dvveee + veceee) =0, (32)
where we have used the scalings:
1 3
£ =z, TZEt, V=g,
4 C1 2 C2 2 C3
= becy, di = —-——, =-—, =-— (33
“1 e ! 9 Cy 2 3 Cy 3 3 Cy ( )

For the choices di = do = d3 = 0 this equation is the
Kawahara equation (2). It is well known that the Kawa-
hara equation possesses solitary wave solutions in reso-
nance with dispersive radiation as the linear dispersion
relation w = —k3 + £, k® is non-convex if €; > 0, so that
the linear phase velocity can coincide with the solitary
wave velocity [34-37]. However, in the general case with
all the higher order terms present in the eKdV equa-
tion the amplitude of this resonant radiation depends
markedly on the values of the higher order coefficients
di, dy and ds. In particular, if the higher order coeffi-
cients satisfy the relation

d=90+d; — 3dy — 6d3 = 0, (34)
then exact solitary wave solutions with no associated res-
onant radiation exist, see (22) in [33]. The relation (34)
includes well known families of integrable higher-order
equations such as the Lax hierarchy and the Sawada-
Kotera equation. For the eKdV equation (32) the coeffi-
cients for water waves, see (1), are

g = _ 230 _
1 — 19; 27197 3 —

100
19°

19
2

g1 = 60. (35)

While these coefficients (35) do not satisfy the node re-
lation (34), numerical solutions of this equation for sur-
face water wave undular bores show that the amplitude
of the generated resonant radiation is very small [19].
The resonant radiation generated by solitary wave solu-
tions of the eKdV equation will now be investigated using
asymptotic theory. Resonant undular bores will then be
studied, noting that undular bores are a modulated peri-
odic wave with solitary waves at one edge. This analysis
will verify the small resonant wave amplitude in the sur-
face water wave case, both for solitary waves and undular
bores, which was observed from numerical solutions.

Let us consider a travelling wave solution of the eKdV
equation with u = u(f), where § = £ — cr. The eKdV
equation then has the leading order asymptotic solitary
wave solution:

v = 2v%sech?(76) + bsin(k + o), (36)
2t K k

p = 1 exp (—L) . c=472 + 11644, (37)
€1 2’}/

for small |1, where b is the amplitude, k the wavenumber
and ¢ the phase constant of the resonant wavetrain [34].
Note that at O(1) this solitary wave is just the KdV
soliton, with an attached small amplitude periodic wave
of amplitude O(b) at next order. The O(eq) correction
to the solitary wave itself is not needed for the current
analysis. For resonance the phase velocity of the linear
wavetrain is equal to the solitary wave velocity, giving
w/k = —k? + e1k* = c. Hence,

k= 5;1/2(1 + 4e1~%)Y/2, (38)

Now it can be seen from (36) that the amplitude b of
the resonant radiation is exponentially small as b ~
51_1 exp(sl_l/Q) as g1 — 0.

As the resonant tail amplitude is exponentially small,
the techniques of exponential asymptotics must be used
to obtain the amplitude of this tail [51]. To determine
this resonant wavetrain, we rescale the eKdV equation
(32) for the travelling wave solution u = () by

[9

where the form of the spatial variable ¢ is related to the
structure of the poles of the soliton solution, see [33].

(2n + 1)im
2y

—1/2
q=¢&; /

| e

w = e1v,



This transformation is made so that ¢ is small near the
poles of the soliton solution, near where the matching
between the solitary wave and resonant radiation occurs.
To leading order the eKdV equation then becomes:

6wwy + Wygq + diw*w, + dawgweg (40)

+ d3wwgqq + Wqqqqq = 0.

The solution to this inner problem for the resonant ra-
diation must be found and then matched to that of the
full problem with the solitary wave. The inner solution
in the KAV case (no higher-order terms) is w = —2/¢2,
which suggests a series solution of the form:

2 > Qn
q il

This series solution (41) is now substituted into the scaled
eKdV equation (40), which then gives a recurrence rela-
tion for a,,. At lowest order we obtain ag = f%d, so that
if the nodal relation (34) is satisfied, then as and all the
higher-order coefficients are zero and K = 0. In this case
no radiation is generated and exact steady solitary wave
solutions exist.

The coefficients a,, are calculated numerically from the
recurrence relation for given choices of the d;. The se-
quence of coefficients a,, is divergent, however. For large
n it can be shown that the recurrence relation has the
asymptotic solution a, = K(—1)"(2n — 1)!. Dividing
our numerically obtained coefficents a,, by the large n
asymptotic solution gives a sequence of approximations
for the constant K. Multiple applications (five to ten)
of Aitken convergence acceleration (see [52]) are applied
to the sequence for K in order to obtained a converged
soution before round-off affects the result.

For the Kawahara equation, for which d; = ds = d3 =
0, we find K = 19.97, which reproduces the result of [33].
For the water wave coefficients (35) we find K = 0.768,
which is about 4% of the magnitude of K for the Kawa-
hara case. This result explains the numerical observation
of the small amplitude of the resonant radiation for sur-
face water waves [19].

The eKdV equation (1) was solved numerically using
the pseudo-spectral method of Fornberg and Whitham
[53], as extended to enhance its stability at high
wavenumbers through the use of an integrating factor
to propagate the linear dispersion wug,, and Ugppzz, in
the eKdV equation (1) or Hrrr and Hrrrrr in the
ecKdV equation (17)[54, 55]. This enhancement of sta-
bility is particularly important for the eKdV equation
due to the fifth order dispersion. The nonlinear terms
in these equations involving derivatives of u and H are
calculated in Fourier space. The equations are then prop-
agated forward in time ¢ using the fourth order Runge-
Kutta method. This propagation is done in Fourier space
using the aforementioned integrating factor to propagate
linear dispersion as this enhances the stability of the nu-
merical scheme as the (high order) dispersion is propa-

: l\ (b)

FIG. 1: Numerical solutions of the extended KdV equation
(1). Green (dotted) line: KdV soliton initial condition at
t = 10; red (full) line: solution at ¢ = 30. (a) Water wave
coefficients ¢; = —3/8, ca = 23/24, ¢cs = 5/12 and ¢4 =
19/360, (b) fifth order derivative only ¢1 = 0, c2 =0, ¢c3 =0
and ¢4 = 19/360, (c) higher order term uugz, vanishing, ¢; =
—3/8, ca = 23/24, ¢cs = 0 and ¢4 = 19/360. Here, a = 1 for
the KdV soliton (42) and e = 0.15.

gated exactly [54, 55], in contrast to propagating in phys-
ical space for which very small time steps At are needed
for stability due to the fifth order dispersion [53].
Figure 1 displays numerical solutions of the eKdV
equation (1) for the KdV solitary wave initial condition

u = asechQ@(z —10). (42)



The initial KdV soliton is centred at x = 10 as the corre-
sponding variable to x for the ecKdV equation (17) is the
polar radius R. Choosing the centre of the initial condi-
tions the same for the eKdV and ecKdV equations allows
direct comparisons between solutions of these two equa-
tions. For these comparisons, we use the scalings (33)
which link the eKdV equation (32) used for the resonant
radiation analysis back to the original eKdV equation,

Eq. (1).

Many examples of the experimental generation, prop-
agation and measurement of surface solitary water waves
can be found in the literature. Lee et al [56] generated
solitary waves with amplitude to depth ratios ¢ = 0.11,
0.19 and 0.29 and measured the wave profiles and particle
velocities for each case. Hsu et al [57] undertook exper-
iments to investigate the particle trajectories beneath a
solitary water wave and considered wave amplitude to
depth ratios in the range ¢ = 0.182 to 0.428. Hence,
our choice of ¢ = 0.15 for the eKdV equation (1) and
g3 = 0.15, ¢ = 0.5313. .., for the ecKdV equation (17)
used in the numerical simulations of this paper is a rea-
sonable choice within the lower end of the range of am-
plitudes used for experimental work on surface solitary
waves. In order to have valid comparisons between the
eKdV and ecKdV equations a high amplitude to depth
ratio then needed to be chosen for the circularly symmet-
ric equation.

Figure 1(a) shows the resonant wavetrain shed by
the solitary wave for the higher order coefficients c¢;,
i =1,...,4, taking the water wave values. The numer-
ical tail amplitude is 1.5 x 1073, while the theoretical
tail amplitude (36) is 1.6 x 1073, The comparison be-
tween the numerical and theoretical tail amplitudes is
excellent and provides a theoretical explanation for why
the tail amplitude is very small in the water wave case.
Figure 1(b) displays a solution for the Kawahara equa-
tion (2). The resonant radiation shed by a solitary wave
governed by the Kawahara equation has been well stud-
ied [34-37]. The numerical tail amplitude is 5 x 1072,
while the theoretical amplitude is 4.1 x 1072, about 25
times larger than for the water wave case. The resonant
radiation now has a significant amplitude, which results
in a significant decrease in the amplitude of the solitary
wave as the radiation is formed from the solitary wave
itself. The critical dependence of the resonant wave am-
plitude on the exact values of the higher order coefficients
ci, i = 1,...,4, is further illustrated in Figure 1(c) for
which only the coefficient of the higher order term wu,u,
vanishes. For this case K = 6.05 and the numerical tail
amplitude is 1.8 x 1072, while the theoretical tail ampli-
tude (36) is 1.3 x 1072, This is an intermediate case for
which the amplitude of the resonant radiation is signifi-
cantly reduced over that for the Kawahara equation case,
but it is still not the trivial amplitude of the water wave
eKdV equation.

B. Radially symmetric two space dimensions

As the ecKdV equation (17) is in the polar radial vari-
able R, to enable the use of a pseudo-spectral method, the
even extension of H into R < 0 was used in the pseudo-
spectral numerical scheme used for the eKdV equation
and outlined in the previous subsection. The extension
of the results of the previous subsection for the eKdV
equation will now be investigated for the ecKdV equa-
tion (17). Since as T — o0, the ecKdV equation (17)
approaches the eKdV equation (1), it is expected that
the resonant solitary wave solutions of these two equa-
tions should be similar, in particular, the dependence of
the resonant radiation on the coefficients of the higher
order terms. The water wave ecKdV equation (17) has
the coefficient values ¢; = —3/8, co = 23/24, ¢35 = 5/12
and ¢4 = 19/360.

This dependence of the amplitude of the resonant ra-
diation generated by a solitary wave on the higher or-
der coeflicients is now examined in Fig. 2 for the ecKdV
equation (17) using the same choices of coefficients as
for the eKdV equation. This dependence is much less
pronounced than for the eKdV equation, with little vari-
ation in the radiation amplitude as the higher order co-
efficients change. It should be noted that the amplitude
of the solitary wave is decaying due to the 1/T terms
in the ecKdV equation (17), as well as due to the shed
radiation. In addition, the H/(2T') term in the ecKdV
equation (17) results in the amplitude of linear waves de-
caying as (T — To)fl/ 2. Indeed, the shed radiation has
amplitude 1.69 x 1072 for the water wave coefficients, see
Fig. 2(a), amplitude 2.48 x 102 for the Kawahara equa-
tion case of Fig. 2(b) and amplitude 1.33 x 10~2 for the
ecKdV equation with only the higher order term HHrrr
vanishing, as shown in Fig. 2(c). In particular, there is
no large reduction of the resonant radiation amplitude for
the water wave coefficients as for one dimension. These
results show that the 1/7 terms of the ecKdV equation
have a major effect on the initial evolution of the resonant
radiation. However, incorporating the decay (T—TO)_l/ 2
into the theory for the eKdV equation of the previous
subsection does not predict these resonant radiation am-
plitudes. The amplitude of the resonant radiation de-
cays, so that the large amplitude resonant radiation for
the Kawahara equation with ¢y = ¢ =¢3 =0in (1+1)D
does not occur for the cylindrical Kawahara equation. In
this context, it is noted that the ecKdV equation (17)
approaches the eKdV equation as T' — oo, so that in the
long term the resonant radiation generated by the eKdV
and ecKdV equations should converge. The analysis of
this radiation is much more difficult than for the eKdV
equation due to the lack of a suitable solitary wave solu-
tion of the cKdV equation on which to base this analysis
and the time dependence of the solutions.
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FIG. 2: Numerical solutions of the extended circular KdV
equation (17). Green (dotted) line: KdV soliton initial condi-
tion at T' = 10; red (full) line: solution at 7" = 30. (a) Water
wave coefficients ¢1 = —3/8, ca = 23/24, ¢3 = 5/12 and
ca = 19/360, (b) fifth order derivative only ¢1 = 0, c2 = 0,
c3 =0 and ¢4 = 19/360, (c) higher order term H H,., vanish-
ing, ¢1 = —3/8, ca = 23/24, ¢3 = 0 and ¢4 = 19/360. Here,
a =1 for the KAV soliton (42) and ¢* = 0.15.

VI. UNDULAR BORE RESONANCE

The dependence of the amplitude of the resonant radi-
ation on the coefficients of the higher order terms in the
(1+1)D eKdV equation (1) and the ecKdV equation (17)
will now be investigated for resonant undular bores. The
simplest initial conditions which will generate an undular

bore is the step initial condition:

_Jou—, x < o,
u(z,0) = { e, T > o, (43)
at t = to for the (1 + 1)D eKdV equation (1), and the
step initial condition:

o H_, 0< R < Ry,
H(k,0) = { H, R>R,

at T = Ty for the cylindrical eKdV equation (17). For an
undular bore to form, we require u_ > uy and H_ > H_.

Figure 3(a) shows the resonant wavetrain shed by an
undular bore for the higher order coefficients ¢;, ¢ =
1,...,4, taking the water wave values as governed by the
eKdV equation. The parameter values are the same as for
the solutions displayed in Fig. 1(a) for a resonant water
wave solitary wave. As for the resonant solitary wave, the
resonant radiation is of very low amplitude for the wa-
ter wave coefficients, as was noted for resonant flow over
topography governed by the eKdV equation with water
wave coefficients [19]. This is to be expected as this reso-
nant radiation is determined by matching the velocity of
the lead solitary wave of the bore and the phase velocity
of linear radiation [30].

However, an undular bore is a modulated wavetrain
which evolves from a solitary wave at the leading edge to
linear waves at the trailing edge. Each of the component
waves of the bore can then resonate, not just the lead soli-
tary wave [32]. This resonance of the entire modulated
structure then makes the determination of resonance be-
tween radiation and the bore more involved than for a
solitary wave. Indeed, it has been found that applying
resonance with the lead solitary wave can lead erroneous
predictions [58]. The issue of resonance of radiation with
an undular bore deserves extensive study. For the case
of the evolution of a single solitary wave the shed res-
onant wavetrain is stable and has an amplitude that is
near uniform. However, it is seen that the resonant radi-
ation shed by the undular bore is unstable and that it has
a highly modulated amplitude with the radiation in the
form of a series of pulses. This is expected as the weakly
nonlinear phase of the instability will be governed by an
NLS-type equation. This same instability was found for
resonant undular bores governed by the Kawahara equa-
tion, the eKdV equation with just the higher order fifth
derivative [30]. As a simple approximation, we assumed
that the radiation profile can be approximated by a si-
nusoidal curve, and hence the average pulse amplitude
is 2/m times the maximum amplitude. This calculation
gives the resonant wave amplitude as 5.1 x 1073, For
the evolution of a single solitary wave the theory of Sec-
tion V A gives that the theoretical resonant wave ampli-
tude is 1.6 x 1073, While the theoretical prediction does
not strictly apply to the scenario of bore evolution since
a bore is an extended modulated wavetrain, as discussed
above, this is nevertheless a reasonable comparison.

Figure 3(b) displays a bore solution for the Kawahara
equation (2). In this case the average amplitude of the

(44)



0.8 |

0.

o
T

| | @

04

2

0 100 200 300 400 500

(b)

0.8

0.

()

0.4

0.2 |

0 100 200 300 400 500

0.2 |

0 100 200 300 400 500
X

FIG. 3: Numerical solutions of the extended KdV equation
(1). Green (dotted) line: step initial condition (43) at ¢t =
to = 10; red (full) line: solution at ¢ = 50. (a) Water wave
coefficients ¢1 = —3/8, ca = 23/24, ¢cs = 5/12 and ¢4 =
19/360, (b) fifth order derivative only ¢1 =0, c2 =0, ¢c3 =0
and ¢4 = 19/360, (c) higher order term uugz, vanishing, ¢; =
—3/8, ca = 23/24, c3 = 0 and ¢4 = 19/360. Here, u_ = 0.5,
us =0, xo = 100 and ¢ = 0.15.

resonant radiation is 5.4 x 1072, while the theoretical
amplitude is 4.1 x 1072, As for the evolution of a single
solitary wave the resonant radiation amplitude is large,
which results in a significant decrease in the amplitude
of the waves that form the undular bore. Again, the
resonant wavetrain is unstable, as is the undular bore it-
self. The general classification of resonant undular bores
terms this undular bore a CDSW, a cross-over dispersive
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shock wave as it is intermediate between a stable bore
and fully resonant bore for which the bore form itself
largely disappears as it is shed into the resonant radia-
tion [30]. Figure 3(c) displays a bore solution of the eKdV
equation for which only the coefficient of the higher order
term u,u,, vanishes. In this case, the numerical resonant
wave amplitude is 1.5 x 1072, while the theoretical tail
amplitude is 1.3 x 1072, again an excellent comparison
given that an undular bore is not solely a solitary wave.

In summary, the results for these three examples of un-
dular bore evolution show a qualitatively similar picture
to that for the evolution of single solitary waves. For the
water wave case the amplitude is an order of magnitude
smaller than for the Kawahara equation, while the exam-
ple with the uu,,, term absent presents an intermediate
case. The theoretical predictions based on resonant soli-
tary wave theory are very good, despite this theory not
being directly applicable to the evolution of an undular
bore.

The dependence of the details of the resonant radia-
tion for resonant undular bores governed by the ecKdV
equation (17) will now be investigated. The equivalent
circular bore solutions to those of Fig. 4 are shown in
Fig. 3. The dependence of the amplitude of the resonant
radiation is the broadly consistent with the one dimen-
sional eKdV equation, with the resonant wavetrain be-
ing unstable. However, particularly for the cylindrical
Kawahara equation, the amplitudes of both the resonant
radiation and the undular bore itself are reduced over the
equivalent eKdV case due to the decay term H/(2T) in
the ceKdV equation. In addition, the undular bore so-
lution of Fig. 4(c) shows that the resonant radiation for
the ecKdV equation with the Hr Hpr term missing has a
reduced amplitude over that for the full ecKdV equation
with water wave coefficients, as was the case for the res-
onant solitary wave solution of the eKdV equation with
the ugzuy, term missing displayed in Fig. 2(c). This is
in contrast to the one dimensional eKdV equation. The
reason for this difference between solutions of the one
dimensional and circular equations deserves study. Fi-
nally, as for the ecKdV resonant radiation, the addition
of (T — Tp)~'/? decay into the theory of subsection V A
does not predict the amplitude of the resonant radiation
for these bore solutions.

VII. A CONNECTION WITH NONLINEAR
OPTICS

The above derivations of weakly nonlinear, long wave
equations from the water wave equations may suggest
that these equations and related phenomena are exclu-
sive to the shallow water wave problem. However, here
we make an unlikely connection with nonlinear optics.
In optics the commonly used model is the NLS equation
and its variants. The NLS equation is directly associ-
ated with deep water waves [5]. Nevertheless, using the
above multiscale expansion methodology, we will asymp-
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FIG. 4: Numerical solutions of the extended cylindrical KdV
equation (17). Green (dotted) line: step initial condition (44)
at T = Top = 10; red (full) line: solution at 7" = 50. (a)
Water wave coefficients ¢1 = —3/8, ca = 23/24, ¢s = 5/12
and ¢4 = 19/360, (b) fifth order derivative only ¢1 = 0, c2 =
0, c3 = 0 and ¢4 = 19/360, (c) higher order term HHgux
vanishing, ¢1 = —3/8, c2 = 23/24, ¢s = 0 and ¢4 = 19/360.
Here, H_ = 0.5, Hy =0, Ry = 100 and £® = 0.15.

totically reduce a nonlocal variant of the NLS equation to
an appropriate ecKdV equation, thus suggesting that the
results of this paper may also find applications in optics.

We will thus consider a prototypical NLS model that
governs optical beam propagation in nonlocal, nonlin-
ear media, such as nematic liquid crystals [46, 47, 59]
and thermal optical media [60]. In normalized form, this
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model reads [45, 46, 60]:

1
i, + §V2u —20u = 0, (45a)

vV20 — 20 = —2|ul?. (45b)
Here, u = u(x,y, z) is the complex electric field envelope
of the optical beam propagating in the medium, which
evolves along the z-direction, and V? = 97 + 92 is the
transverse 2D Laplacian. In the context of nematic liquid
crystals, the real function 6 = 6(z, vy, z) is the optically
induced rotation of the molecular optical axis from its
static value in the absence of the light beam, v > 0 mea-
sures the strength of the response of the nematic in space
(with a highly nonlocal response corresponding to large
v) and the parameter ¢ > 0 is related to the square of
the applied, external static electric field which pre-tilts
the nematic dielectric [46, 47, 59]. For thermal optical
media, 6 is the temperature of the medium. It should be
noted that a nematic is a focussing medium, so that the
nonlinear term 26u in (45a) has a positive coefficient. A
nematic can be made a defocusing medium through the
addition of azo dyes which alters the medium response
through the order parameter [61]. In contrast, thermal
optical media are typically defoccusing [60].

We now seek solutions of Eqgs. (45) with radial sym-
metry, depending only on the radius r. In this case,
Eqgs. (45) take the form:

1 1
i, + 5 (uw + ;ur) —20u =0, (46)
1 2
v|0+ =0, —2¢0 = —2|ul". (47)
r

We now introduce the Madelung transformation:

u = ug+/pe'?, (48)

where p = p(r,z) and ¢ = ¢(r,z) denote the density
and phase of the field u, and ug € R is a constant. On
substituting the polar form (48) into Egs. (46)—(47), and
separating real and imaginary parts, we obtain the sys-
tem:

1 1 1 1
—2r0p® — 1p%b. + —ppy — =Tp> — §rp2¢3 +7rporr =0,

4 8
(49)
TPz + p¢r + Tprd)r + Tpd)rr = 07 (50)
1
T

Next, we seek solutions of this system in the form of the
asymptotic expansions:

p:1+5p1+€2p2+53p3+"', (52)
2 2
¢:_ﬂz+51/2¢1+53/2¢2+55/2¢3+..., (53)
q
u2
0=-"L14ch +e%0y+%05+ -, (54)
q



where the unknown functions p;, ¢; and 6; (j =
1,2,3,...) now depend on the stretched variables:

R=¢c2(r —cz), Z=¢%?, (55)
with ¢ being an unknown velocity, to be determined
through self-consistency. The small parameter £ mea-
sures the deviation of the solution from the background
level ug, so that these asymptotic expansions are relevant
to small amplitude waves.

Substituting the expansions (52)-(54) into Egs. (49)-
(51), we obtain a set of equations at the different or-
ders in €. In particular, at the leading order, namely at
O(e~1/?), we derive the following equations:

cqprr — 2ugpr =0,  ¢b1 —ugpr =0, (56)
while at O(1) we obtain:
$1rr — cp1r = 0. (57)

The compatibility condition of the above linear equations
yields ¢ = 2u?/q, i.e., c is the so called “speed of sound”.

At the next order of approximation, i.e., at O(/?),
we obtain the following set of nonlinear equations:

1
CQZ(bgR — 2¢Z05 + ZCZPIRR — 2RO, — 4CZ€1p1

1
—cZp17 + cRé1R + 262 Zp1dig — §CZ¢%R =0, (58a)

20qZ92 — QCU%ZPQ + 2qR91 — QU%Zpl —cvZOipr =0,
(58b)

while the equation obtained at O(g) reads:

cZparr — 2 Zpar +cZpiz — cRpir
+¢1r + cZpird1r + Ro1rR + cZp1éd1rr = 0. (59)

We now remove po, ¢o and 0y from the equations at the
orders O(¢'/2) and O(g). We thus derive the cylindrical

2q + 2u}

N [eq (—c?q +2ud) R+ 4ud (c*q + ud) Zp: ] )
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KdV (cKdV) equation for the field amplitude py

3c « 1
Pz + 5 PIPIR — g PIRRR + 57 = 0, (60)

where the parameter « is given by @ = 1—2¢?v/q. Notice
that the above cKdV equation has been used to describe
ring dark (for o > 0) and antidark (for oo < 0) solitons
in nonlocal, nonlinear media [62, 63].

Proceeding to the higher-order of approximation, we
obtain at O(¢3/2) the following equations:

QCqZ(gg — QCugZpg + 2qR92 — QUgRPQ — vbiRrR
—vRO1grr — cvZO3rp + CQZ¢3R — 2¢Z03 — 2RO,
—4R01p1 — 4cZBapy — 2cZ61p7 = 0,

1
—4cZ01p2 — Rrz — 2¢Zp1dp1z — cZdaz + ZPIR

1
—gczp%R +2cRp1dir + CZpi iR + 262 Zpagip

1

_§R¢%R — cZp1§ig + cRoor + 27 Zprar

1 c c
—cZp1rP2r + ZRleR + ZZPIPIRR + ZZP2RR =0,
(61b)

(61a)

and at O(g?) the equation:

Rp1z + cZpagz — cRpar — 2 Zp3r + pro1r
+Rp1rRO1R + CZparO1R + P2r + CZPp1RO2R
+Rp1p1rR + cZp2d1rr + Ro2rR

+cZp1porr + cZp3rr = 0. (62)

We now remove the fields ps3, ¢3 and 03, and employ the
equations obtained at the previous orders to express the
fields ;2 and ¢ 2 in terms of the amplitudes p; and pa.
In this manner, we obtain the equation:

—c%q +2u3(1 — )

2R P2RRR

2q*7 4c2q
+2u3 (cq+2(Pq+ud) Zpir) [(cq(—3c*q* + 2c%qui + 8ug) R + 6ug (—3c2q + 4ud) Zp1) p1]
A P2 24437 P1R
ud g1, (Pq+2ud) R B 2cqui (c*q + 2ud) -1 N (7c2q — 8ud) ud
2c2qZ2 8 n 2c2q 7> . 2c4q3Z R PLOR 4c3q2 7 .
n 1lctq? + 4ug (2 — o) — 2qu (18 — 7a)p P 3c?q —2ud (1 — a)p
804(]2 1RP1RR 863qZ 1RR
3ctq? + 8uf — 2c%qud (3 + ) cq — 2qR (2 — a) +2u¢ (2 + 2R — 2a — Ra)
* 8ctq? PLPIRRR 8ciq2Z P1RRR

L —cqa+ ud (4 — 6+ 3a2)

=0
32cq P1RRRRR



To simplify this higher order equation, we multiply
Eq. (63) by ¢, and add it to the cKdV equation Eq. (60).
We then introduce the combined amplitude function:

Q = p1+ep2,

Q2+ 5 QQn — e Quin + 55Q +< (—ﬁQQQR

8+5a
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and obtain the extended cKdV equation for the field
Q(R, Z):

4 — 8a + 3a?

— QrQrr + —QQRRR 12303

QRRRRR)

3 R .
+7 <EQ2 B 1662QRR QRa Q> iz <2_cQ+ §8R1Q> - o

VIII. CONCLUSIONS

In this work, starting from the Euler (or water wave)
equations, we have derived the extended cylindrical
Korteweg-de Vries (ecKdV) equation in polar coordinates
and the extended Kadomtsev-Petviashvili (eKP) equa-
tion in Cartesian coordinates. In so doing, all higher or-
der nonlinear, dispersive and nonlinear-dispersive terms
at the next order were found and, additionally, an inher-
ited property that only arises in such higher dimensional
settings was revealed: both the ecKdV and eKP equa-
tions incorporate nonlocal terms that are not present in
the (1 + 1)D case— i.e., in the extended KdV model.

Furthermore, these higher order corrections were used
to examine the resonant radiation generated by soli-
tary wave and undular bore solutions of these extended
equations. It was found that the form of the reso-
nant radiation is highly dependent on the coefficients
of the higher order nonlinear, dispersive and disper-

sive/nonlinear terms. While the overall form of the reso-
nant radiation is broadly similar for the one dimensional
and circularly symmetric cases, there are some differ-
ences which deserve further examination and analysis.
In addition, while there is an existing asymptotic theory
for resonant solitary waves governed by the (one dimen-
sional) eKdV equation, no such theory exists for circular
solitary waves governed by the ecKdV equation, nor for
one dimensional or circularly symmetric resonant undu-
lar bores. Again, the issue of resonant undular bores
deserves further analysis as these also arise for gravity-
capillary waves [30].

Finally, borrowing the same asymptotic expansion
method, we made a connection between the water wave
context with that of nonlinear optics and derive from
a nonlocal NLS equation the same extended cylindrical
KdV system (with appropriate coefficients). This sug-
gests that phenomena that can be predicted and observed
in shallow water may also occur in optics.

[1] G. G. Stokes, Mathematical and Physical Papers, 5 Vols,
Cambridge University Press (1880-1905).

[2] A. D. D. Craik, “George Gabriel Stokes on water wave
theory,” Ann. Rev. Fluid Mech., 37, 23-42 (2005).

[3] Sir H. Lamb, Hydrodynamics, Dover Publications, New
York (1945).

[4] G. B. Whitham, Linear and Nonlinear Waves, J. Wiley
and Sons, New York (1974).

[5] M. J. Ablowitz, Nonlinear Dispersive Waves. Asymp-
totic Analysis and Solitons, Cambridge University Press,
Cambridge (2011).

[6] C. S. Gardner, J. M. Greene, M. D. Kruskal and R. M.
Miura, “Method for solving the Korteweg-de Vries equa-
tion,” Phys. Rev. Lett., 19, 1095-1097 (1967).

[7] R. S. Johnson, “Water waves and Korteweg-de Vries
equations,” J. Fluid Mech., 97, 701-719 (1980).

[8] P. G. Baines, Topographic Effects in Stratified Flows,
Cambridge Monographs on Mechanics, Cambridge
(1995).

9] Y. A. Berezin and V. I. Karpman, “Theory of non-
stationary finite amplitude waves in a low density

plasma,” Sov. Phys. JETP, 19, 1265-1271 (1964).

[10] A. Jeffrey, “The role of the Korteweg-de Vries equation
in plasma physics,” Q. J. R. Astron. Soc., 14, 183-189
(1973).

[11] Yu. S. Kivshar, “Dark-soliton dynamics and shock waves
induced by the stimulated Raman effect in optical fibers,”
Phys. Rev. A, 42, 1757-1761 (1990).

[12] D. J. Frantzeskakis, “Small-amplitude solitary struc-
tures for an extended nonlinear Schrodinger equation,”
J. Phys. A: Math. Gen., 29, 3631-3639 (1996).

[13] G. Huang, M. G. Velarde and V. A. Makarov, “Dark
solitons and their head-on collisions in Bose-Einstein con-
densates,” Phys. Rev. A, 64, 013617 (2001).

[14] T. P. Horikis, “Small-amplitude defocusing nematicons,”
J. Phys. A, 48, 02FT01 (2015).

[15] R. Carretero-Gonzélez, J. Cuevas-Maraver, D. J.
Frantzeskakis, T. P. Horikis, P. G.Kevrekidis and A. S.
Rodrigues, “A Korteweg-de Vries description of dark soli-
tons in polariton superfluids,” Phys. Lett. A, 381, 3805—
3811 (2017).

[16] T. R. Marchant and N. F. Smyth, “The extended



Korteweg-de Vries equation and the resonant flow of a
fluid over topography”, J. Fluid Mech., 221, 263-288
(1990).

[17] T. R. Marchant and N. F. Smyth, “An undular bore so-
lution for the higher-order Korteweg-de Vries equation,”
J. Phys. A: Math. Gen., 39, L563-L569 (2006).

[18] C.G. Hooper, P.D. Ruiz, J.M. Huntley and K.R. Khus-
nutdinova, “Undular bores generated by fracture,” Phys.
Rev. E, submitted (2021).

[19] M. D. Albalwi, T. R. Marchant and N. F. Smyth,
“Higher-order modulation theory for resonant flow over
topography,” Phys. Fluids, 29, 077101 (2017).

[20] G. N. Koutsokostas, T. P. Horikis, P. G. Kevrekidis,
and D. J. Frantzeskakis, “Universal reductions and
solitary waves of weakly nonlocal defocusing nonlinear
Schrédinger equations,” J. Phys. A: Math. Theor., 54,
085702 (2021).

[21] R. Grimshaw, in Environmental Stratified Flows, edited
by R. Grimshaw, Kluwer, Dordrecht, 1-27 (2002).

[22] J. R. Apel, L. A. Ostrovsky, Y. A. Stepanyants and J. F.
Lynch, “Internal solitons in the ocean and their effect on
underwater sound,” J. Acoust. Soc. Am., 121, 695-722
(2007).

[23] K. R. Helfrich and W. K. Melville, “Long nonlinear inter-
nal waves,” Ann. Rev. Fluid Mech., 38, 395-425 (2006).

[24] S. Watanabe, “Ion Acoustic Soliton in Plasma with Neg-
ative Ion,” J. Phys. Soc. Jpn., 53, 950-956 (1984).

[25] M. S. Ruderman, T. Talipova and E. Pelinovsky,
“Dynamics of modulationally unstable ion-acoustic
wavepackets in plasmas with negative ions,” J. Plasma
Phys., 74, 639-656 (2008).

[26] E. Demler and A. Maltsev, “Semiclassical solitons in
strongly correlated systems of ultracold bosonic atoms
in optical lattices, ” Ann. Phys., 326, 1775-1805 (2011).

[27] A. M. Kamchatnov, Y.-H. Kuo, T.-C. Lin, T.-L. Horng,
S.-C. Gou, R. Clift, G. A. El and R. H. J. Grimshaw,
“Undular bore theory for the Gardner equation,” Phys.
Rev. E, 86, 036605 (2012).

[28] A. M. Kamchatnov, Y.-H. Kuo, T.-C. Lin, T.-L. Horng,
S.-C. Gou, R. Clift, G. A. El and R. H. J. Grimshaw,
“Transcritical flow of a stratified fluid over topography:
analysis of the forced Gardner equation,” J. Fluid Mech.,
736, 495-531 (2013).

[29] T. Kawahara, “Oscillatory solitary waves in dispersive
media,” J. Phys. Soc. Jpn., 33, 260-264 (1972).

[30] P. Sprenger and M. A. Hoefer, “Shock waves in disper-
sive hydrodynamics with nonconvex dispersion,” SIAM
J. Appl. Math., 77, 26-50 (2017).

[31] G. A. El and N. F. Smyth, “Radiating dispersive shock
waves in non-local optical media,” Proc. Roy. Soc. Lond.
A, 472, 20150633 (2016).

[32] S. Bager and N. F. Smyth, “Modulation theory and reso-
nant regimes for dispersive shock waves in nematic liquid
crystals,” Physica D, 403, 132334 (2020).

[33] Y. Pomeau, A. Ramani and B. Grammaticos, “Struc-
tural stability of the Korteweg-de Vries solitions under a
singular perturbation,” Physica D, 31 127-134 (1988).

[34] E. Benilov, R. Grimshaw and E. Kuznetsova, “The
generation of radiating waves in a singularly-perturbed
Korteweg-de Vries equation,” Physica D, 69, 270-278
(1993).

[35] R. Grimshaw, B. A. Malomed and E. S. Benilov, “Soli-
tary waves with damped oscillatory tails: an analysis of
the fifth-order Korteweg-de Vries equation,” Physica D,

14

77, 473485 (1994).

[36] V. I. Karpman, “Radiation by weakly nonlinear shallow-
water solitons due to higher-order dispersion,” Phys. Reuv.
E, 58, 5070-5080 (1998).

[37] Y. Tan, J. Yang, and D. E. Pelinovsky, “Semi-stability of
embedded solitons in the general fifth-order KdV equa-
tion,” Wave Motion, 36, 241-255 (2002).

[38] G. A. El and M. A. Hoefer, “Dispersive shock waves and
modulation theory,” Physica D, 333, 11-65 (2016).

[39] M. A. Hoefer, N. F. Smyth and P. Sprenger, “Mod-
ulation theory solution for nonlinearly resonant, fifth-
order Korteweg-de Vries, nonclassical, travelling disper-
sive shock waves,” Stud. Appl. Math., 142, 219-240
(2019).

[40] T. P. Horikis, “Small-amplitude defocusing nematicons,”
J. Phys. A, 48, 02FT01 (2015).

[41] N. F. Smyth, “Dispersive shock waves in nematic liquid
crystals,” Physica D, 333, 301-309 (2016).

[42] B. B. Kadomtsev and V. I. Petviashvili, “On the stability
of solitary waves in weakly dispersive media,” Sov. Phys.
Dokl., 15, 539-541 (1970).

[43] M. J. Ablowitz and H. Segur, “On the evolution of pack-
ets of water waves,” J. Fluid Mech., 92, 691-715 (1979).

[44] R. S. Johnson, “On the inverse scattering transform, the
cylindrical Korteweg-de Vries equation and similarity so-
lutions,” Phys. Lett. A, 72, 197-199 (1979).

[45] Yu.S. Kivshar and G. P. Agrawal, Optical Solitons: From
Fibers to Photonic Crystals, Academic Press (2003).

[46] G. Assanto, Nematicons: Spatial Optical Solitons in Ne-
matic Liquid Crystals, Wiley-Blackwell (2012).

[47) M. Peccianti and G. Assanto, “Nematicons”, Phys. Re-
ports, 516, 147-208 (2012).

[48] R. S. Johnson, A Modern Introduction to the Mathemati-
cal Theory of Water Waves, Cambridge University Press
(1997).

[49] T. R. Marchant and N. F. Smyth, “Soliton interaction
for the extended Korteweg-de Vries equation,” IMA J.
Appl. Math., 56, 157-176 (1996).

Mathematics (1981).

[50] R. Hirota, “Exact solutions to the equation describing
cylindrical solitons,” Phys. Lett., T1A, 393-394 (1979).

[51] M. D. Kruskal and H. Segur, “Asymptotics beyond all
orders in a model of crystal growth”, Stud. Appl. Math.,
85, 120-181 (1991).

[52] A.C. Aitken, “On Bernoulli’s numerical solution of al-
gebraic equations”, Proc. Roy. Soc. Edin., 46, 289-305
(1926)

[63] B. Fornberg and G. B. Whitham, “Numerical and the-
oretical study of certain non-linear wave phenomena,”
Phil. Trans. Roy. Soc. Lond. Ser. A— Math. and Phys.
Sci., 289, 373-404 (1978).

[564] T. F. Chan and T. Kerkhoven, “Fourier methods with
extended stability intervals for KdV,” SIAM J. Numer.
Anal., 22, 441-454 (1985).

[65] L. N. Trefethen, Spectral Methods in MATLAB, SIAM,
Philadephia (2000).

[56] J.J. Lee, J. E. Skjelbreia and F. Raichlen, “Measurement
of velocities in solitary waves”, J. Water Port Coast.
Ocean Div., 108(2), 200-218 (1982)

[67] H.C. Hsu, Y.Y. Chen, H.H. Hwung, “Experimental study
of the particle paths in solitary water waves”, Phil. Trans.
R. Soc. A 370 1629-1637 (2012)

[58] S. Bager, D.J. Frantzeskakis, T.P. Horikis, C. Houdeville,
T.R. Marchant and N.F. Smyth, “Nematic dispersive



shock waves from nonlocal to local,” Appl. Sci., 11, 4736
(2021).

[59] G. Assanto and N. F. Smyth, “Self-confined light waves in
nematic liquid crystals,” Physica D, 402, 132182 (2020).

[60] N. Ghofraniha, C. Conti, G. Ruocco, and S. Trillo,
“Shocks in nonlinear media,” Phys. Rev. Lett., 99,
043903 (2007).

[61] A. Piccardi, A. Alberucci, N. Tabiryan and G. Assanto,

15

“Dark nematicons,” Opt. Lett., 36, 1356-1358 (2011).
[62] T. P. Horikis and D. J. Frantzeskakis, “Ring dark and
antidark solitons in nonlocal media,” Opt. Lett., 41, 583~
586 (2016).
[63] T. P. Horikis and D. J. Frantzeskakis, “Asymptotic re-
ductions and solitons of nonlocal nonlinear Schrodinger
equations,” J. Phys. A: Math. Theor., 49, 205202 (2016).



