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Capillary-gravity solitary waves on water of finite depth
interacting with a linear shear current

By T. Gao', P. A. Milewski® and Z. Wang>*51

The problem of two-dimensional capillary-gravity waves on an inviscid
fluid of finite depth interacting with a linear shear current is consid-
ered. The shear current breaks the symmetry of the irrotational problem
and supports simultaneously counter-propagating waves of different types:
KdV-type long solitary waves and wave-packet solitary waves whose en-
velopes are associated with the nonlinear Schrédinger equation. A simple
intuition for the broken symmetry is that the current modifies the Bond
number differently for left- and right-propagating waves. Weakly nonlin-
ear theories are developed in general and for two particular resonant cases:
the case of second harmonic resonance and long-wave/short-wave inter-
action. Travelling-wave solutions and their dynamics in the full Euler
equations are computed numerically using a time-dependent conformal
mapping technique, and compared to some weakly nonlinear solutions.
Additional attention is paid to branches of elevation generalized solitary
waves of KAV type: although true embedded solitary waves are not de-
tected on these branches, it is found that periodic wave-trains on their
tails can be arbitrarily small as the vorticity increases. Excitation of waves
by moving pressure distributions and modulational instabilities of the pe-
riodic waves in the resonant cases described above are also examined by
the fully nonlinear computations.
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1. Introduction

There have been numerous investigations on free-surface water waves in
the presence of both gravity and surface tension, the so-called capillary-
gravity waves. Despite of a short wavelength (typically about a centime-
ter), these waves are believed to play an important role in transferring
mass, momentum, and energy across the ocean surface [1]. For a review
of basic concepts of capillary-gravity waves, the readers are referred to
the monograph [2].

The motion of an inviscid, incompressible and irrotational flow with a
free surface is governed by the full Euler equations which can be reduced
to simplified models in various limits. Two widely used models are

3¢ coh?
Ct+COCx+2_}?ch+(1_38)07€$$$:07 (1)

the Korteweg de-Vries (KdV) equation valid in the shallow-water regime
[3], where ( is the surface displacement, h the mean depth of the fluid,
co = v/gh the long wave speed with g being the acceleration due to gravity,
and B = o/pgh? the Bond number defined as the ratio of surface tension
force to gravitational force with o being the coefficient of surface tension
and p being the fluid density, and

1A + Mg +7]APA =0, (2)

the nonlinear Schrodinger (NLS) equation for water of arbitrary depth,
where A stands for the envelope of a monochromatic wavetrain [4], and
the parameters A and v depend on the problem being studied. In the long-
wave limit, the KdV equation (1) admits depression solitons for B > 1/3
and elevation for B < 1/3. The coefficients of (2) were first derived in [5]
for the irrotational case and in [6] in the presence of a constant vorticity.
It is well known that when Ay > 0 the NLS is of focussing type and allows
small-amplitude wavepackets (see [7] for example).

The existence of capillary-gravity solitary waves with damped oscil-
lations in the full Euler equations was proved rigorously by [8, 9] in the
case of finite and infinite depth, respectively. From an asymptotic point
of view, the bifurcation mechanism is that the underlying NLS is of fo-
cussing type at the phase speed minimum where the group velocity equals
the phase velocity [10]. Computations of such waves on deep water in the
fully nonlinear equations were achieved by a boundary integral equation
method in [11]. Two basic branches bifurcating from infinitesimal peri-
odic waves were found: depression waves with a negative displacement
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at their center and elevation waves with a positive displacement at their
center. There are many other branches of solitary waves, e.g. asymmet-
ric solitary waves, which can exist only at finite amplitude (see [12, 13]
for more details). The dynamics and stability were studied in [14, 15]
where a time-dependent conformal mapping method pioneered by [16]
was employed. Depression waves are found to be stable, while the sta-
bility exchange occurs twice along the bifurcation curve of the elevation
branch. In the case of finite depth, bifurcations of solitary waves depend
on the value of the Bond number. If B > 1/3, there are only depres-
sion waves bifurcating from infinitesimal long waves but no wavepacket
solitary waves associated with the NLS equation (see [17]). If B < 1/3,
there exit both wavepackets and generalised solitary waves featuring an
elevation hump and a non-decaying train of ripples extending up to in-
finity. It is emphasized that these generalised solitary waves are shown
not to approach any embedded soliton solutions as a limit (i.e. along the
bifurcation curve no solutions vanish completely in the far field) [18].

Meanwhile, it was derived in [4] that the modulational instability cri-
terion simply depends on the type of the underlying NLS equation. A pe-
riodic wavetrain is modulationally stable if the NLS is of defocussing type.
However, such model equation is not applicable in the case of the second
harmonic resonance and long-wave/short-wave interaction since the coef-
ficient of the nonlinear term from (2) becomes singular under these two
scenarios (e.g. see [6]). Modified multi-scale analyses were achieved by
[19, 20] for the former resonance and [5] for the latter one for irrotational
flows. In this work, weakly nonlinear theories will be developed for the
resonant cases in the presence of a linear shear current.

Ocean waves are usually accompanied by mean flows or shear cur-
rents generated by tides or winds. In reality, the initial generation and
growth of capillary-gravity waves by wind are vastly influenced by the
wind-induced shear current beneath the free surface [21]. As the first
step towards the understanding of wave-current interactions, we restrict
ourselves to the linear shear profile (i.e. constant vorticity) and to the
two-dimensional problem. In this situation, solitary waves were computed
in the full Euler equations using a boundary integral equation method by
[22]. The NLS equation describing the envelope dynamics of a quasi-
monochromatic wave was derived in [6] and the modulational instability
was also investigated in the same paper. In [23], the classic Stokes ex-
pansion for periodic waves was extended to this physical setting and the
resultant analytical solutions were compared with the numerical solutions
to the fully nonlinear equations.

In the present paper, we extend the work of [22] by computing, us-
ing the time-dependent conformal mapping technique, solitary waves and
their collision dynamics. In addition, the modulational instabilities in the
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resonant cases are numerically examined in a similar manner to [24] which
is concerned with the problem of flexural-gravity waves. The rest of the
paper is structured as follows. The formulation and numerical scheme are
introduced in sections 2 and 3, respectively. The results are presented
and discussed in section 4. And finally, a conclusion is given in section 5.

2. Formulation

We consider an incompressible and inviscid fluid with density p of finite
depth h bounded below by a flat rigid bottom. We introduce a two-
dimensional Cartesian coordinate system with the z-axis along the undis-
turbed free surface and the y-axis directed vertically opposite to gravity.
The upper boundary is free to move and denoted by y = ((z,t). The
effect of surface tension and vorticity are both included. The former is
expressed by —ok with x being the curvature. We define the vorticity by

Q= vy —uy (3)

where (u,v) is the velocity field in the fluid region and the subscripts
denote partial derivatives. For simplicity, we assume 2 is a constant and
non-dimensionalize the problem by choosing

o 112 o 114
— ’ 3 ’ (4)
Py Py

as the reference length and time scale. In particular, the dimensionless
fluid depth and vorticity are defined respectively by

il e/ ]

The tildes in the non-dimensionalization are removed for the purpose of
easy notations. The following system governs the motion of the fluid body
and the deformation of the free surface

¢xw+¢yy:07 fory<C7 (6)
¢y=0, ony=—h, (7)
Ct:(by_gx(uo—i_(bl‘)a Ony:C7 (8)

by uode + 5 IVOE O+ (- BO) =P, omy=C. (9)

Here ¢ is the potential function of the irrotational part, ¢ is the harmonic
conjugate of ¢ usually called the streamfunction, and (ug,vg) = (Uy —
Qy,0) is a trivial solution to the problem satisfying all the boundary
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conditions where Uy describes a constant speed at the undisturbed surface
as shown in Figure 1. It is noted that we can always assume Uy = 0 via
introducing a moving frame of reference. In addition, the integral constant
B(t) can be absorbed by redefining the velocity potential ¢, and P, is the
external forcing which is only considered in section 4.2 and zero otherwise.

Figure 1. Schematic description of the physical problem.

2.1. Linear theory
By linearizing (6)—(9), the linear dispersion relation reads
ke, — Qcptanh kh — (1 + k*) tanh kh = 0, (10)

where £ is the wavenumber and ¢, is the phase speed. It has two distinct
real solutions

Qtanh kh + \/92 tanh? kh + 4k(1 4 k2) tanh kh
ct = )
p 2k
in which the wavenumber k is always kept positive and c; (c; ) is positive
(negative) representing a right-moving (left-moving) wave. We denote by
¢g (= wy) the group velocity, where the frequency w is a function of the

wavenumber. The long-wave speed can be obtained from (11) by letting
k — 0, which takes the form of

L Oh+ VORI T 4R
g = 5 . (12)

(11)
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For right-going waves, an elementary analysis of the derivative of c; yields

1+ Qcf
c; is monotonically increasing in £ when B > %,
(13)
14 Qcf

c; has a minimum ¢y, at k = k. (# 0) when B < 3 ,
where the Bond number is defined as B = 1/h? in dimensionless variables.
Similarly, the version for left-moving waves can be obtained by letting
Q — —Q and ¢/ — c;. The former case in (13) is subsequently referred
to the shallow-water regime or simply the shallow regime, whereas the
latter is called the deep-water regime or the deep regime. We list some
key facts for the deep regime as follows

1. the group speed reaches its minimum at & = kg, and kg < k. ;

2. the second harmonic resonance defined by 2w(ks) = w(2ks) occurs
at k =ks, and ks < k. < 2k ;

3. the long-wave/short-wave interaction occurs at k = k;, and k. < k; .

An illustrative graph is shown in Figure 2. It is noted that these comments
stay valid for other problems with the same structure of the dispersion
relation, e.g. flexural-gravity waves.

It is also noted that the criteria for the critical case B. = (1 + Qcg)/3
is in fact an equation for h whose value can be found numerically by
an iterative scheme. It is discovered that B. = 0.0544 for Q@ = —1 and
B. = 0.8949 for 2 = 1. As summarized in Table 1, a left-moving wave
and a right-moving wave can be in different regimes provided B is in a
certain range. It is of great interest to study such break of symmetry
of the curves for positive and negative phase speed, which does not take
place in the irrotational case.

Q=1 0 < B <0.0544 | 0.0544 < B < 0.8949 | 0.8949 < B
right-moving waves deep deep shallow
left-moving waves deep shallow shallow
Table 1
The type of linear regime for right-moving waves and left-moving waves
when Q = 1.

To this end, we fix h = 2.5 and usually select {2 = £1 in the rest of the
paper such that the associated Bond number is equal to 0.16 which lies in
the interval [0.0544,0.8949 |. The two solutions to the quadratic equation
(10) are depicted in Figure 3 for 2 = +1 and also 2 = 0 for reference.
We note that the dispersion relation (10) is invariant under the reflective
transformation (cp,$2) — (—cp, —2). Therefore we may choose ¢, > 0
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Figure 2. The curve of the phase speed ¢,(k) (in black) and the group
speed c4(k) (in gray) in the so-called deep regime as defined in (13) .

(so all the superscripts £+ are now dropped) and vary 2 to be positive or
negative for studying unidirectional waves. In the irrotational case, the
value of B equals 0.16 which is less than the critical value 1/3, i.e. in
the deep-water regime. The theory predicts a phase speed minimum at a
non-zero wavenumber marked with a diamond where wavepacket solitary
waves may bifurcate. Since the phase speeds at kK = 0 and k£ =~ 2.0003
are almost equal, the long wave can resonate with a Stokes wave so that
elevation solitary waves with non-decaying oscillations in the far field,
the so-called generalised solitary waves, are expected. In the presence of
a positive vorticity 2 = 1, the dispersion relation remains in the deep-
water regime but the long wave resonates with a periodic wave with much
larger wavenumber (k ~ 10.25). When ©Q = —1, the problem is in the
shallow regime, i.e. ¢, is always monotonically increasing in k. Depression
solitary waves are expected to bifurcate at k = 0.

2.2. Nonlinear Schrodinger Equation

The nonlinear Schrodinger equation

1A, + Mxx +v]APA=0, (14)
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Q=0 =1 O=-1
4 4 4
N 2M A
;\A-——’/
UQ‘O ....................... 0 ....................... 0 .......................
V|
?| i -2f\
-4 -4 -4
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Figure 3. Graphs of the dispersion relation for h = 2.5 when Q = 0
(left), @ = 1 (middle) and Q@ = —1 (right). k& = 0 are highlighted by

circles. Phase speed minima are marked by triangles.

was derived in multi-scale variables X = ex, 7 = €2t, where € is a small
parameter, by [6] for capillary-gravity waves propagating on a linear shear
current. Explicit expressions for A and «y are given by equations (2.28) and
(2.31) in [6], respectively, and the dimensionless version can be obtained
by simply setting p = 1, ¢ = 1 and ¢ = 1. The graphs of A and ~
from equation (14) against k in the deep regime are presented in figure
4. The results are qualitatively similar for different €2, provided the deep-
water regime criterion is met, with only a matter of scale. There is a
zero for A (= wy/2) at k = kq where the group speed ¢, (= wy) attains
its minimum. Also, = reaches zero at two positions k = k, & k = k
as marked in the bottom graph of figure 4. When k € {kq, ky, kq}, the
cubic NLS is no longer valid as one of the coefficients becomes zero, and
an equation with higher order dispersion or nonlinearity can be expected.
Meanwhile, there are two asymptotes in the graph of ~ corresponding
to the second harmonic resonance at k = ks and long-wave/short-wave
interaction at k = kj, respectively. The weakly nonlinear theory breaks
down at these two resonant points. To deal with such singularities, a
different scaling is required to balance nonlinearity and dispersion, which
will be further explored in sections 2.3 and 2.4.

As shown in [10], the existence of small-amplitude wavepacket solitary
waves requires two conditions: (1) in the deep-water regime (2) the NLS
at k = k. is of focussing type (i.e. Ay > 0). As discussed in the last
paragraph, the NLS swaps type at five specific wavenumbers k4, kp, kg, ks
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Figure 4. Graphs of the NLS coefficients in the deep-water regime versus
the wavenumber k. This particular example is for h = 2.5 and = 0 with
ke =0.392, kg = 0.592, ks = 0.622, k. = 0.907, k; = 1.215 and kp = 2.503.
The graphs are qualitatively similar for different A and €.

and k; that are in fact the boundaries between the white and gray regions
in the kh—B diagram shown in Figure 5 for 2 = 4+1. Also, we rediscover
the fact that the NLS swaps type at kh ~ 1.363 in the irrotational case
([25]), and we omit the detail here. In the presence of constant vorticity,
the NLS is of focussing type in the limit B — 0 and k& — 0 ([26]). As
the inequalities kg < k. and k, < ks < k. < k; are guaranteed, it can be
readily shown that the NLS at k = k. (in the deep regime) stays always
focussing regardless of the value of 2 or B. Two examples for ) = +1
from Figure 5 confirm the prediction as the black thick curves lie in white
regions. The full diagram demonstrating the nature of the linear theory
and the type of the weakly nonlinear regime for various Bond number
(or simply the depth in the current scaling) and vorticity is displayed in
Figure 6.

A general theory was developed by [4] regarding the modulational in-
stability of periodic waves. It was shown that such instability occurs when
the associated NLS is of focussing type. The problem was investigated
by [6] for capillary-gravity waves on water of finite depth in the presence
of a linear shear current in the non-resonant case. The modulational in-
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(0)

kh
Now Ao

—_

0 0.8949 1.5
B

Figure 5. Graphs showing the type of NLS for different B and p = kh
when (a) Q = —1 and (b) Q = 1. White (gray) regions correspond to
NLS focussing (defocussing) regime. The black thick curves represent the
critical case p = p. where the phase speed attains its minimum. If u. = 0,
it is in the shallow regime. If p. > 0, it is in the deep regime.

deep regime

1/VB

shallow regime focussing NLS at k£ =k, |

0
Q

Figure 6. The gray region corresponds to the shallow regime where ¢,
is monotonically increasing. The white region is for the deep regime in
which the associated NLS is always focussing at &k = k.. The black thick
curve is the critical case B = (1 4 Q¢p)/3.
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stabilities in the resonant cases are to be discussed by weakly nonlinear
theories in sections 2.3 & 2.4, and numerically examined by fully nonlinear
computations in section 4.3.

2.3. Second harmonic resonance

As previously introduced in Figure 2, there is a specific wavenumber k;
such that the associated propagating speed is identical to the speed of its
second harmonic, i.e. ¢,(ks) = ¢,(2ks) or equivalently

w?(ks) tanh(ksh) = 3k3. (15)

The equality (15) causes the coefficient of the nonlinear term in the NLS
being singular. Under such circumstance, a modified multi-scale analysis
with the inclusion of the second harmonic mode is needed. The unknown
free surface n and the potential ¢ are functions of (X, T, 7) where

X=ex, T=¢, 7=¢t. (16)
Following [20], n can therefore be expanded about y = 0 as

n= eA1 E+ €A12E2 + € Ao B+ € A22E2 + € A23E3 + € A24E4

+ 63 A31E + 63 A32E2 + 63 A33E3 + 63 A34E4... +c.c.,

(17)
where E = exp(i(kx — wt)) and ‘c.c.’” stands for complex conjugate. The
expansion of the potential function ¢ about y = 0 is obtained by solving
the Laplace equation with the impermeability boundary condition (7).
The detailed expression can be found in [19, 20]. Substituting the ansatz
of n and ¢ into the kinematic condition (8) and the dynamic condition
(9) on the free surface and collecting the coefficients of ¢ E' and ¢ E? at
the leading order yields two solvability conditions

w(k)? coth(kh) — Qu(k) = k + k3, (18)
2w(k)? coth(2kh) — Qw(k) = k + 4k3 (19)
for non-trivial solutions for A7 and Ajs, respectively. Combining (18)
and (19) gives the criterion of the second harmonic resonance (15). By

collecting the coefficients of €2 E and €2 E? at the quadratic order yields
the solvability conditions for As; and Ao

A, + cgl)AnX = —ikc1A12A7, (20)
A12T + C§2)A12X = —Z'/{:CQA% , (21)
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where
cél) = wi(k), 052) = wg(2k), (22)
0?4 [3coth®(kh) — 1]w? — [3coth(kh) + tanh(kh)] Qw 03
“a= 2w coth(kh) — O » (23)
Q2 + [3coth?(kh) — 1]w? — [3coth(kh) + tanh(kh)] Qw (24)
Cy = .

4w coth(2kh) — Q
The coefficient cg,l) and c§2) are in fact the group speed for the first and
second harmonic, respectively. It is also noted that quadratic equations
(20)—(24) for the second harmonic resonance have the same form as those
presented in [24] for flexural-gravity waves where the surface tension term
is replaced by the flexural rigidity of plate. At the cubic order, collect-
ing the coefficients of €2 E and € E? from the kinematic and dynamic
boundary conditions yields the solvability conditions for A3; and Ass

1A, + z’(Ang + Cél)Amx) + MAn o+ p|AnPAr + pel A A
+ p3A12A%) +ipg A1 ATy + s A2 ATy +ipeAra, Al =0, (25)

1A, + i(AQQT + C§2)A22x> + AoAra,, + vi|An [P Ars + va] AP Arp
+ v3AnAa +ivaAnn A, =0, (26)
with

wek(k) —y _ wrk(2F)
;A= .

2 2
The terms in As3 and Agy have been eliminated by making use of the
equalities derived from the terms in €2 E® and ¢ E*. Equations (25) and
(26) are usually regarded as the counterparts to the standard cubic NLS
on the occasion of the resonance. The coefficients of the nonlinear terms
are extremely tedious, and hence we only present their values graphically
as functions of € for a fixed h (h = 2.5 say) in Figure 7. There is a special
value of Q, denoted by Q* (which is found to be —0.475 in the case of
h = 2.5), such that the wavenumber ks — 0. It is in fact the moment when
the linear theory changes from the deep regime to the shallow regime. As
shown in the bottom graph of Figure 7, p2, v1 and vo become singular
in the critical case Q = Q* causing a breakdown of the weakly nonlinear
theory. It follows that the coupled system (25)—(26) stays valid only when
Q> Q.

Combining (25)—(26) with (20)—(21) yields a system of four differen-
tial equations in (A11, Aj2, A21, A22) whose solutions were derived and

Al =

(27)
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Figure 7. The graphs of the coefficients from Equation (25)-(26) versus
the vorticity 2 when h = 2.5.

presented in [20]. The stability analysis can then be achieved by consid-
ering small perturbations in both first and second harmonics. Here we
omit the detail since the approach is quite standard (the interested readers
are refer to [20]). The instability was shown to be inevitable and occur at
a sufficiently small modulational wavenumber for a given wave solution.
This is similar to the Benjamin-Feir instability theory for a single carrier
wave.

2.4. Long-wave/short-wave interaction

As illustrated in Figure 4, there is a singularity in the coefficient 7 of the
cubic NLS equation (2) since

cg(cg —Qh) =h (28)

is satisfied at k = k; where the group speed ¢, of the envelope matches
the long wave speed ¢y from (12). Such phenomenon occurs among long
waves and short waves on water of finite depth, and is usually addressed
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as long-wave /short-wave interactions [27]. An alternative model equation
is required as the associated cubic NLS becomes invalid. Following [5, 24],
a new scaling is introduced as

X =ci(z—cgt), T=cit. (29)

The surface elevation n(X,7) and the potential function ¢(X,y,7) are
then expanded about y = 0 in the form of

n= 6AAei(."m—wt) +64/3772 +€5/3773 +€2774 +€7/3775 +€8/3776 + (30)
¢ = 3go + €1 + €3y + P d3 + s + € Pp5 + ... (31)

The detailed expansions are omitted here as the reader can be referred
to [5, 24] for a review. The solvability condition arising from O(e7/3) and
the kinematic boundary condition at O(e3/3) yield the evolution equations
linking the short-wave envelope A and the long-wave velocity potential
¢o as follows

1A, + Mxx = AB, (32)
where B = 5(box, A= wkk/Q,
2 sinh(2kh Q
A:é[ Cqw —|—ws1r.1 (2 ) ], (34)
(2¢g — Qh)sinh®(kh)  2c¢q — Qh
cqg — Qh
§=k|1 g 2 esch?(kh) — 2Qw coth(kh) + Q%) |.
+ 2w coth(kh) — Q (w csch™(kh) wcoth(kh) + ) (35)

It is noted that A and 0 are the same as those found in [24] where the
surface tension is replaced by the flexural rigidity of plate. The modula-
tional instability can be studied by using the evolution equations (32)—
(33) as highlighted in [5, 24]. It is discovered that there exists a thresh-
old wavelength such that the instability occurs when the wavelength of
the perturbation is longer than the threshold, which is analogous to the
Benjamin-Feir theory.

3. Numerical Scheme

To solve the fully nonlinear equations numerically, we employ the time-
dependent conformal mapping technique pioneered by [16], which maps
the fluid region onto a fixed geometry, e.g. a strip with depth D, in
a new complex plane denoted by £ 4 in. We present all the functions
in the new variables whose harmonic conjugate can be obtained via the
Cauchy-Riemann equations for analytic functions. In the transformed
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plane, we write the surface variables as X (&,t) = z(€,0,t), Y(£,t) =
y(€,0,1), ®(&,t) £ $(&,0,1), (¢, t) £ ¥(£,0,t). The conformal map can

be explicitly solved as solutions of the following boundary value problems

= Y(gat)’ ¢ = \I](gat)’ on n=0, (37)
y= _h7 1/} = Qa on 7= _D7 (38)

where Y (§,t) = ((&,0,t). Here @ is an arbitrary constant, and we choose
Q@ = (V) with () being the mean value in £ defined as
1 L2
=1 [ fends. (39)

L/2

where [—%, %] is the computational domain, and L is usually chosen as
the wavelength in the physical space. It can be shown that

D:h+<Y>, X£:1—T[Yg], \11527-[‘135], (40)

where T71.] is a transform defined by

TS = 5PV [ S eoth [T - 0]’ ()

with ‘PV’ denoting the Cauchy principal value of the integral. By per-
forming calculations similar to those presented in [28], we end up with
the following time-evolution equations describing the surface motion

Xe=1-TI[Ye], @e¢=-T[V,

Voo e [B] (B a

v2-g?
27

B, = —Y - (- 2 g7 [L] L p
where k = (Yee Xe — ng}/—g)/J3/2 and J = Xg —i—Yg2 is the Jacobian of the
conformal map.

The system can be further simplified for travelling waves translating
at a constant velocity c,

\I/:cY—i—%YQ, (43)
1 OY X, + QTIvYe]) ¢y P 44
2J<C+ ¢+ [ 5]) _E—F —K=1re. (44)

In the present paper, solitary waves are approximated by long periodic
waves, therefore the surface elevation, which is assumed to be symmetric
with respect to the vertical axis, can be expressed as a truncated Fourier
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series
N/2

YO = 3 anexp (212”5)“@, (45)

n=—N/2

where the coefficients a,, are unknowns. Without lose of generality, we
can set ag = 0. The symmetric condition implies that a,, = a_, for all n.
The T-transform is computed numerically via the Fourier multiplier

Tf] = F [ icoth(kD)FI/]] (46)

where F denotes the Fourier transform. To achieve a high computational
accuracy, in most computations for the solitary waves we select N = 2048
and L = 80w, and stop the Newton iteration when the residual error is less
than 107, For time-dependent simulations, dt = 2.5 x 10~ is chosen.
This numerical scheme has been successfully used in the context of gravity
waves [28] and flexural-gravity waves [29] on water of finite depth.

4. Results

4.1. Free solitary waves

For Q@ = 1 and A = 2.5, the phase speed features a minimum at k.
(# 0) where the underlying NLS is focussing predicting the existence of
decaying wavepackets as illustrated in section 2.2. The amplitude-speed
bifurcation diagram in the full Euler equations, together with the NLS
prediction, is presented in the left of Figure 8. Two branches of solutions
have been discovered, and the amplitude parameter is defined by

~ max((x) — min ((z)
2 sgn(¢(0)) ’
where the sign function is included to distinguish between depression and

elevation waves. Based on the NLS theory (see [30] for example), to
leading order, the wave amplitude reads

8k,
11€]oo 2 (Camin — c>1/2\/7a (48)

which indicates that the NLS is valid only for a very narrow range of
speed. The bifurcation of elevation solitary waves, predicted by the KdV
equation in the long wave regime, is shown on the right figure. Unlike
KdV solitons, these so-called generalised solitary waves have non-decaying
oscillations in the far field due to the resonance between the Stokes wave
and long wave that travel at the same speed (= ¢y). Two typical wave

(47)
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profiles are plotted on the right-hand side of Figure 8. Because of the pos-
itive vorticity, the dispersion curve (10) becomes very broad, and solving
the resonant condition c(k) = ¢y yields k ~ 10.25 indicating that the
long wave interacts with a very short Stokes wave with wavelength 0.613
in the linear regime, or the 410th Fourier mode in the carrier wave with
wavelength 807. The Fourier spectrum of solution (i#i) near the bifur-
cation point is examined. It is observed that the Fourier coeflicients for
high modes are of very small size comparable to the residual error from
Newton’s method except around the 413th mode where a peak appears as
can be seen from the left graph of Figure 9, which confirms the prediction
by the linear theory. On the other hand, the Fourier coefficients of the
resonant modes are less than 107!°, which results in the non-decaying
oscillations of the generalized solitary waves being too small for visualiza-
tion. Also, it is worth remarking that, for a larger vorticity, the resonant
mode can be beyond the range of the Fourier modes computed. Then a
larger N is required to observe the resonance via spectrum. In summary,
the obtained generalized solitary waves are almost embedded solitons in
the presence of a large vorticity.

In addition to the numerical evidence discussed in the previous para-
graph, we examine on the value of curvature at * = L/2 denoted by kg
by either fixing 2, A and varying B or fixing B, A and varying €. Sim-
ilar to [18], separated n-shaped and wu-shaped curves, which correspond
to branches of solutions with a crest and a trough at the end of the com-
putational domain respectively, are obtained. As can be seen in the top
graph of Figure 10, the results in the presence of a constant vorticity are
qualitatively similar to the irrotational case, where the increase of B does
not lead solutions to embedded solitons. In the bottom graph of Figure
10, the curves approach the horizontal axis as {2 increases and can get
infinitely close to zero for a large vorticity (2 = 1 say), which shows that
the obtained solutions are not but extremely close to embedded solitons.
In fact, in the linear theory the embedded elevation soliton is the limit
of generalised solitary waves as the vorticity tends to infinity where no
resonance takes place and the end-point curvature becomes zero. In prac-
tice, the elevation generalised solitary waves obtained in the case of 2 =1
are already very good approximations to embedded solitons as illustrated
early on.

For a negative vorticity {2 = —1, the phase speed ¢, is always mono-
tonically increasing in k, and therefore solitary waves bifurcate from in-
finitesimal long waves in the limit & — 0. The KdV equation predicts
that the amplitude of a solitary wave is proportional to its wave speed
(e.g. see [17]). This is confirmed by the numerical results as shown in
Figure 11. In particular, solution (vi7) is a static depression solitary wave
which does not feature an overhanging structure.
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Figure 8. Bifurcation diagram of solitary waves for 2 =1 and h = 2.5.
The long wave speed is ¢y = 3.2656, and the phase speed minimum is
Cmin = 1.8336. Left: in the focussing NLS regime with the NLS prediction
sketched in dotted curves. Wave profiles of (i) and (ii) are plotted in the
physical plane. Right: in the long-wave regime. Wave profile (iii) and
(iv) are plotted in the physical plane. Only part of the waves are shown
for a better display.
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Figure 9. Left: the Fourier spectrum of solution (7i¢) from Figure 8 in
the log-scale. Right: the Fourier spectrum of solution (iv) from Figure 8
in the log-scale.
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Figure 10. Top: the value of kg versus B for elevation waves with €2 =
0.07 and A = 0.141. Bottom: the value of kg versus € for elevation waves
with A = 0.141 and B = 0.16.
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Figure 11. Bifurcation diagram of solitary waves in the long wave regime
for Q@ = —1 and h = 2.5. The long wave speed c¢g is equal to 0.7656.
Typical wave profiles are plotted in the physical x-y plane.
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Figure 12. Left: dynamics of a wavepacket elevation solitary wave (i7)
from Figure 8 with ¢ = 1.8218 for Q@ = 1 and h = 2.5. A 1% perturba-
tion in amplitude is imposed initially. Right: dynamics of a wavepacket
depression solitary wave (i) from Figure 8 with ¢ = 1.8203 for 2 = 1 and
h =2.5. A 10% perturbation in amplitude is imposed initially. The snap-
shots only show part of the wave profiles. A frame of reference moving
with the original wave speed is chosen in both experiments.

The longitudinal stability of the obtained solitary waves can be easily
examined by the numerical algorithm given by [14, 29]. A small pertur-
bation is superimposed initially on the exact solitary-wave solution. It is
found from the left graph of Figure 12 that a wavepacket elevation wave
is found to be unstable, and evolves in time to a wavepacket depression
wave which is shown to be stable as can be seen in the right graph. The
KdV-type solitary waves appear to be stable (see Figure 13).

Next, we perform the numerical computation of collision. The experi-
ment is designed between two stable solitary waves moving in the opposite
direction crossing each other. The most striking feature is that the sys-
tem supports simultaneously counter-propagating stable solitary waves of
different types, KdV-type and wavepacket solitary waves, since the un-
derlying shear current modifies the Bond number differently for left- and
right-propagating waves. As shown in Figure 14, both waves survive the
interaction in the experiment, and small ripples can be observed after the
interaction due to an inelastic nature of the collision.

4.2. Fxcitations of solitary waves

In this section, two numerical experiments of excitation of solitary waves
are carried out, which are achieved by applying an external constant-
moving forcing on the free surface. The experiments are simulated with
Q =1 by using the pressure distribution

P, = Age~@==U)* (49)
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Figure 13. Left: dynamics of a KdV-type depression solitary wave (vi)
from Figure 9 with ¢ = 0.6855 for 2 = 1 and h = 2.5. Right: dynamics
of a generalized elevation solitary wave (iv) with ¢ = 3.56 for Q2 = 1 and
h = 2.5. A 10% perturbation in amplitude is imposed initially in both
experiments. A frame of reference moving with the original wave speed
is chosen.
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Figure 14. Head-on collision of a stable wavepacket solitary wave (i)
moving rightwards with ¢ = 1.8203 and a KdV-type depression solitary
wave (vi) moving leftwards with ¢ = 0.6855 in the presence of Q2 = 1.
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Figure 15. Excitation experiment 1. The external forcing is initially
placed at x = 225 and travels leftwards with speed U = 0.76. It is
switched on at t = 0 and off at ¢ = 25.

where Ay quantifies the strength of the forcing. The external forcing is
launched at an initial position x = x), travelling rightwards with speed
U (leftwards if U is negative) and removed after a sufficient period of
time (at ¢ = t5). Both shallow and deep regimes are considered with
appropriate values of the parameters.

1. To generate a KdV-type solitary wave, we choose Ay = 0.2, U =
—0.76, x, = —225 and ts = 25. As commented by [31], U is chosen
to be close to the long wave speed where there is no travelling-wave
solution with the forcing speed to the problem and the dynamic
response to the external forcing is nonlinear. As can be seen from
Figure 15, we observe the generation of a depression solitary wave
as well as small ripples in front. If the forcing is kept active, then
a very complex dynamics involving the periodic shedding of solitary
waves can be expected (see e.g. [32]).

2. To excite a wavepacket solitary wave, we select Ag = 0.2, U =
2.1447, x, = 225 and t, = 25. The value of U is chosen to be very
close to the minimum of the phase speed where no steady responses
exist in this transcritical regime. As presented in Figure 16, a stable
depression wavepacket solitary wave is formed with the presence of
noise ripples on the side. Similar to the excitation in the long-wave
regime, if such forcing is always kept on, it can cause a periodic
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Figure 16. Excitation experiment 2. The external forcing is initially
placed at x = —225 and travels leftwards with speed U = 2.1447. It is
switched on at t = 0 and off at ¢t = 25.

shedding of wavepacket solitary waves as numerically computed by
[15] and experimentally observed by [33].

It is worth mentioning that the excitation of a depression solitary wave
in the irrotational case is accompanied by a generalized elevation solitary
wave in front as shown in [34] because of the small difference between the
long wave speed (cop = 1.51) and the phase speed minimum (¢pin, = 1.403).
In the presence of vorticity, such difference becomes large (greater than
1.4 for Q = 1) so that the phenomenon of forming a generalized elevation
solitary wave was not observed in the numerical experiment from Figure
16. Regarding the experiment shown in Figure 15, elevation solitary waves
do not exist in the long wave regime. Therefore in both simulations
(Figures 15 and 16), only small ripples have been observed accompanying
the expected solitary waves at the end.

4.8. Modulational instability in resonant cases

The weakly nonlinear theories for the resonant cases from sections 2.3 and
2.4 predict the inevitable presence of the modulational instability provided
that the modulational wavenumber is sufficiently small. In this subsec-
tion, the claims are to be examined numerically by the time-dependent
computations for the full Euler equations. In the subsequent numerical
experiments, an initial perturbation of magnitude a and modulational
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Figure 17. (Left) Time evolution of a Wilton solution with k = ks =
1.1946, h = 2.5, Q =1, a = 0.01, ¢ = 1.8993, [ = 5.2597, L = 168.3109
and K = 0.0373 which is initially given a modulational perturbation. The
snapshots are taken at t = 0 and 10000. (Right) Fourier spectrum of the
wave at t = 0 and 10000.

wavenumber K is imposed to the steady periodic solution (y, namely

((z,0) = [1 +a cos(Kw)] Co(x) . (50)

Regarding the second harmonic resonance, a Wilton solution with
wavenumber kg is selected for the computation with the following set-
ting

e =01 K= k8/32 = 0.0373, L = 321 = 168.3109 with [ being the
wavelength of the carrier wave, ¢ = 1.8993, a = 0.01.

In the case of the long-wave/short-wave resonance, a uniform wavetrain
with k& = k; is employed in the numerical experiment with the following
parameters

e =01 K = kl/64 = 0.0752, L = 64l = 83.5131, ¢ = 2.3470,
a = 0.01.

From Figures (17) and (18), the modulational instabilities due to the
generation and growth of the sideband Fourier modes have been clearly
observed in both examples as expected. In addition, a strong long-wave
component is generated in the case of the long-wave/short-wave interac-
tion as can be seen from the Fourier spectrum in Figure 18.
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Figure 18. (Left) Time evolution of a uniform wavetrain with k = k; =
4.8151, h =25, Q=1,a=0.01, c = 2.3470, ] = 1.3049, L = 83.5131 and
K = 0.0752 which is initially given a modulational perturbation. The
snapshots are taken at t = 0 and 10000. (Right) Fourier spectrum of the
wave at t = 0 and 1400.

5. Conclusion

The problem of capillary-gravity waves on an incompressible and invis-
cid fluid of finite depth interacting with a linear shear current has been
considered. The bifurcation and dynamics of solitary waves for differ-
ent values of €2 were thoroughly investigated by a numerical method
based on the time-dependent conformal mapping technique, and com-
pared to the weakly nonlinear theory. When the phase speed features a
global minimum, the interaction between long and shorts waves results in
branches of generalized solitary waves. Though tails never vanish along
these branches, for considerably large vorticity, almost embedded eleva-
tion solitary waves can be discovered. Time-dependent computations were
achieved to examine the longitudinal instability of the obtained solutions.
The vorticity modifies the Bond number differently for left- and right-
propagating waves, and hence head-on collisions between solitary waves
of different types are possible. A numerical experiment of the head-on col-
lision was conducted between a KdV-type and a wavepacket type solitary
waves, and inelastic behavior was observed though both solitary waves
survive the collision. Simulations of solitary-wave excitation by a locally
confined moving pressure disturbance were also performed. Meanwhile,
the modulational instabilities for the resonant cases were investigated by
the weakly nonlinear theories and fully nonlinear computations. To fur-
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ther investigate the generation of wind ripples, a nonlinear shear profile
is plausible (see [21] for example).
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