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Abstract

The integrable 3rd-order Korteweg-de Vries (KdV) equation emerges uniquely at linear order in
the asymptotic expansion for unidirectional shallow water waves. However, at quadratic order, this
asymptotic expansion produces an entire family of shallow water wave equations that are asymptotically
equivalent to each other, under a group of nonlinear, nonlocal, normal-form transformations introduced
by Kodama in combination with the application of the Helmholtz-operator. These Kodama-Helmholtz
transformations are used to present connections between shallow water waves, the integrable 5th-order
Korteweg-de Vries equation, and a generalization of the Camassa-Holm (CH) equation that contains
an additional integrable case. The dispersion relation of the full water wave problem and any equation
in this family agree to 5th order. The travelling wave solutions of the CH equation are shown to agree
to 5th order with the exact solution.

1 Introduction

We study the irrotational incompressible flow of a shallow layer of inviscid fluid moving under the
influence of gravity as well as surface tension. Previously DULLIN et al. [11] studied the case without
surface tension, which in the shallow water approximation leads to the Camassa-Holm equation (CH).
CH is the following 141 quadratically nonlinear equation for unidirectional water waves with fluid
velocity u (z,t),

m¢ + coma + umae + 2mug + Dugee = 0. (1)

Here m = u — a?uze is a momentum variable, partial derivatives are denoted by subscripts, the
constants a? and T'/co are squares of length scales and co = +/gh is the linear wave speed for
undisturbed water at rest at spatial infinity, where u and m are taken to vanish. The limit a? — 0
recovers the KdV equation, [24].

Equation (1) was first derived by using asymptotic expansions directly in the Hamiltonian for
Euler’s equations for inviscid incompressible flow in the shallow water regime. It was thereby shown
to be bi-Hamiltonian and integrable by the inverse scattering transform in the work of CAMASSA &
HoLMm [5]. Its periodic solutions were treated by ALBER et al (see [1], [2] and references therein).
Before [5], families of integrable equations similar to (1) were known to be derivable in the general
context of hereditary symmetries by FOKAS & FUCHSTEINER [16]. However, equation (1) was not
written explicitly, nor was it derived physically as a water wave equation and its solution properties



were not studied before [5]. See [17] for an insightful discussion of how the integrable shallow water
equation (1) relates to the mathematical theory of hereditary symmetries.

Equation (1) was recently rederived as a shallow water equation by using asymptotic methods in
three different approaches by Fokas & Liu [14], by DULLIN et al. [11] and also by JOHNSON [22].
These three derivations used different variants of the method of asymptotic expansions for shallow
water waves in the absence of surface tension. We shall derive an entire family of shallow water
wave equations that are asymptotically equivalent to equation (1) at quadratic order in the shallow
water expansion parameters. This is one order beyond the linear asymptotic expansion for the KdV
equation. The asymptotically equivalent shallow water wave equations at quadratic order in this family
are related amongst themselves by a continuous group of nonlocal transformations of variables that
was first introduced by Kopama [23].

DULLIN et al. [11] focused on the integrability of equation (1) and its spectral properties. Its
derivation from Euler’s equation in the case without surface tension was briefly described. Here we
present the necessary details of this calculation. The present derivation also adds surface tension. In
view of the many papers which have appeared recently on weakly nonlinear shallow water models (i.e.
[15, 22]) we see our contribution to be the following. By combining a nonlocal Kodama transformation
with the application of the smoothing Helmholtz operator, we derive several integrable water wave
equations in the same asymptotically equivalent family. This family includes the CH equation (1),
the fifth-order Korteweg de Vries equation (KdV5) and the equation of DEGASPERIS & PROCESI [§]
which was recently discovered to be integrable in [9]. All these integrable equations are then explicitly
related to each other, again by means of a Kodama transformation. We clarify the differences among
the previous derivations of these equations. The equations are discussed with respect to their linear
dispersion properties.

In the context of water waves subject to surface tension, interest has recently focused on the KdV5
equation and its solitary wave solutions. See [10] for a review. For Bond numbers 0 < o < 1/3 it has
been shown that these solutions are not true solitary waves which decay to zero at spatial infinity but
instead they are generalized solitary waves which are characterized by exponentially small ripples on
their tail. See for example [4] for more explanation. It has been shown by LOMBARDI [26] that these
ripples are exponentially small in terms of F' — 1 where F' = ¢/co is the Froude number. Numerical
experiments by CHAMPNEYS [7] suggest that in the full nonlinear water wave problem there are no real
solitary waves bifurcating for Bond numbers 0 < ¢ < 1/3. For Bond numbers larger than 1/3, one
obtains depressions with negative velocity, rather than elevations with positive velocity.

One may ask whether yet another model equation is needed, if the more rigorous, exact, or numerical
results described above are already available. Or in more general terms: Which is preferred? An exact
solution of an approximate model equation, or an approximate solution of an exact equation? Our
point of view is: If the added cost is small, why not take both? It might be useful to have an equation
that gives, e.g., more accurate travelling waves than KdV, without the need to go to much more
elaborate models. Although we shall obtain less information and accuracy than the sophisticated,
beyond-all-order methods, we shall also pay less. Thus, one can improve the description of the shape
and speed of the travelling wave without having to resort to these more complicated models. That
they are still only an approximation to the true solution is, of course, taken for granted.

Our inclusion of surface tension has a similar motivation. Although the equation (30) that we shall
derive has some drawbacks concerning the global properties of its dispersion relation for large k, it
still gives improved descriptions for small £ and small . Moreover, the improved solutions are easily
obtained and analyzed.

Outline Section 2 recalls the standard dynamics for the shallow water wave elevation following
WHITHAM [29]. We then use an approach based on the Kodama transformation to derive equation
(1) with surface tension in section 3. Section 4 explores the transformations employed to derive wa-
ter wave equations. We discuss the class of equations which may be related to each other via such
transformation, and are, hence, asymptotically equivalent. As examples, we discuss the relations of
equation (1) to KAV and other integrable equations. We particularly discuss the relations to KdV5,
the fifth-order integrable equation in the KdV hierarchy, and to another integrable nonlinear equation
recently proposed by DEGASPERIS & PROCESI [8] and discovered to be integrable in [9]. Section 5
compares the dispersion relation of (1) with that of the full water wave equation. Finally section 6
shows that the travelling wave solutions of (1) agree to fourth order with the exact travelling waves
solutions of the full water wave problem.



2 The 1 equation

Our derivation of equation (1) proceeds from the physical shallow water system along the lines of
WHITHAM [29]. Consider water of depth h = ho + n(z,t) where z = —ho is the flat bottom and ho
the mean depth, so that z = 0 at the free surface in equilibrium. Denote by u, and wu, the horizontal
and vertical velocity components, respectively. The z-momentum equation is

h
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where ¢ is the constant of gravity and & is the surface tension. At the free surface, the boundary

condition is
Dn _

Dt
The irrotational velocity u(z,z,t) = V¢ has horizontal and vertical velocity components up = @z
and u, = ¢.. The velocity potential ¢ must satisfy Laplace’s equation in the interior. Eq. (3) yields
the kinematic boundary condition at the free surface,

uy, where z=1. (3)

Nt + Pallz = Pz -

Eq. (2) can now be integrated to yield the dynamic boundary condition,

ot + %(wi +¢2) = —gh— %p-
The equations for a fluid are non-dimensionalized by introducing x = lox', 2 =ho?, t = (lg;/co)t'7
n=an’ and ¢ = (glza/co)¢’, where ¢y = \/gho. Being interested in weakly nonlinear, small-amplitude
waves in a shallow water environment, we introduce the small parameters € = a/ho and 6 = (ho/l.)?
where € > 62 > ¢ > €52 > §*. When we talk about the linear approximation we lump together the
terms or order € and §2, because they are allowed to be of the same order. Similarly, quadratic order
means quadratic in e and 62, hence includes terms of order €2, e§2,6*. Contrary to this convention
the traditional designations 3rd or 5th order KdV refer to the power of ¢, and hence also the maximal
number of derivatives in the linear terms. Upon omitting the primes and expanding the pressure term
up to order €262, the Euler equations and the boundary conditions at the free surface and at the
bottom are expressed as,

5% pra + @2z =0 in —l<z<en (4)
1
e+ €Palle = 530z = 0 at z=en (5)
1
N+t 5(ept + 5502) — 087 nes = 0 at z=en (6)
pz =0 at z=-1, (7)

where o = &/(hopcd) is the dimensionless Bond number. The ordering of € and 62 is as specified,
provided that O(o) = 1.

It is well known that variable transformations of the water wave problem yield the following de-
coupled equation for the elevation, 7,

3 1 3 1
nt + nz + 56777]1 + 652(1 - 30)77111 - §E27]27]z + 552 (ﬂ(23 + 150)7717711

1 1
+ 5(5 — SU)m)mx) + 64ﬁ(19 — 300 — 4502)779””” =0. (8)
The derivation up to this order appears, for example, in [27], or more recently in [22] without surface
tension.

3 Transformation to an integrable equation

Before embarking on its derivation, we shall discuss the transformation properties of equation (1). First,
it is reversible, i.e., it is invariant under the discrete transformation w(x,t) — —u(z, —t). Equation (1)
is also Galilean covariant. That is, it keeps its form under transformations to an arbitrarily moving
reference frame. This includes covariance under transforming to a uniformly moving Galilean frame.



However, equation (1) is not Galilean invariant, even assuming that the momentum, m, Galileo-
transforms in the same way as velocity, u. In fact, equation (1) transforms under

t—t+ty, z—ox+x0+ct, u—u+tc+u, m—m-+c+uo, 9)

to the form
me + umg + 2uz m~+ (co + wo)ma + 2ug(c + uo) + Mugez = 0. (10)

Thus, equation (1) is invariant under space and time translations (constants zo and to), covariant
under Galilean transforms (constant c¢), and acquires linear dispersion terms under velocity shifts
(constant ug ). The dispersive term ugm, introduced by the constant velocity shift ug # 0 breaks the
reversibility of equation (1).

Under scaling transformations of z, ¢ and wu, the coefficients of equation (1) may be changed.
However, such scaling leaves the following coefficient ratios invariant,

Cuztize) : Clulges) =2:1, (11)
C(uzat)Cluug) : C(ulegrs)Clug) =3:1, (12)

where C(f) stands for the coefficient of f in the scaled equation. It is pertinent to mention that the
above ratios are crucial in the integrability of equation (1). See [5] and [11] for discussions of this point.

Equation (1) will emerge as being asymptotically equivalent to equation (8) after two steps. First,
we shall perform a near-identity transformation

n=n(u) =u+eflu] +5°glu], (13)

relating the wave elevation and a “velocity-like” quantity, . One should not regard u as the original
fluid velocity, because we will use a non-local term in f which is difficult to interpret in this context.
Instead, we consider u as an auxiliary quantity in which the equation becomes particularly simple. The
quantity u agrees at leading order with the fluid velocity and it transforms as a velocity under time
reversal, spatial reflection and Galilean boosts. To obtain the physically more meaningful quantity n
one has to transform back, see below. The functionals f and g in the transformation (13) are to be
chosen so that they generate the terms proportional to e, Ugtss, Ulzze and Uzze in equation (1).
Afterwards, we shall apply the Helmholtz operator H = 1 — v§292, which generates the uqzz: term.
As in [23] the functional g[u] is proportional to wus; and f[u] is a linear combination of u? and a
non-local term 10", where ™! denotes integration over x. Thus, including the parameter v, there
are four coefficients in this Kodama-Helmholtz transformation (KH-transformation). These shall be
chosen so that equation (1) emerges, after a rescaling of u, = and ¢.

With these choices, (13) becomes the Kodama transformation, which depends on three parameters
a1, az and (3,

n=nu) =u+elaru® + a2u 8 "u) + 6 Buzs - (14)

Terms of degree m in the expansion parameters ¢ and 82 start contributing at degree n + 1 in
the transformed equation. Therefore, no terms of quadratic order in e and 62 are needed in the
transformation. Inserting the Kodama transformation (14) into equation (8) for the height field 7
leads to the following terms in asymptotic order.

0(1) : Ut + Uz
O(e) - 2001 uus + 2001 Uty + oo (uztaflu + Up0 U+ U tur + uug) + guuz
) 11
2\ . 9 2 3 2 —1 241 3 5
O(e”) 01U Ua + Eaz(u Up + Uz O U+ ugd u) — gy U=
) 2 5 1 3
O(ed”) (24+80+3(3061+ aa)( 3U)+25)U Uz +
5 1 1 3 1 .
+(E - ZU + g(2a1 + 3&2)(1 - 30') + 56)““111 + 6042(1 - 30)“11118 u
4 1o 1 19 300 — 4502
o) - (6[3(1 30) + 360(19 300 — 450°) ) uzzaza -



As before, we expand the time derivatives to linear order as

Ut = —Ug — g€uuz - %52(1 — 30)Usaa , (16)
3 3 1
Ugt — —Ugz — 567/; - §€uuxac - 662(1 - 30’)“’9‘5””” ’
Uprt = —Upre — §€U;cU9cx - Eeuuxacac . (17)

This expansion generates higher order terms, leading to

o) - Ut + Uz
O(e) guux
1
G- P DU AV
o) (2a1 + 102 8)u Ug (19)
0(662) : Atgtize + Butlyes (20)
4 1 2
— (19— —4 TTTTT - 21
0(5%) 360( 9 — 300 — 4507 )u (21)
where in (20) we defined
- 23 5 1 ~ 5 1 1
A=212640 (2 1-30) — B=2_1o 130,
24+80+2( a1+ a2)(1—30)— 338 and B 40+2a2( 30)

The first step of the derivation is now complete. In the second step, applying the Helmholtz operator
H =1 — 15202 introduces the coefficient v and creates terms with two more = derivatives. However,
the terms of order O(e?) are left unchanged. These terms are proportional to u’u, and they must
vanish for equation (1) to emerge. Thus, the application of the Helmholtz operator restores the needed
Ugzt term that had previously been eliminated. Alternatively, the same equation (1) can be obtained
by splitting the time derivative, that is, by partially substituting the time derivative ugz: in (15) by
its asymptotic approximations (17), along the lines of BENJAMIN et al. [3] in their study of the BBM
equation.

The order O(e®) coefficient in expression (19) will vanish, provided the parameters a; and ao are
chosen to satisfy

4a1 —|— 2042 =1. (22)

The order O(6*) terms receive an additional contribution that arises from applying the Helmholtz
operator H = 1 — 16292 to the terms of order O(6%). The entire combination at order O(*) must
vanish, for the final equation to possess no fifth-order derivative term, Uggzsz. This requirement
determines v as

119 —300 — 450

Ve 60 1-30

In what follows, we shall consider the coefficient v to be given by this function of surface tension,
o. Note: this removal of the highest order term was made possible by introducing the additional
parameter v via the Helmholtz operator. The remaining terms containing free parameters a2 and g
are of order €52 and they combine additively as

(23)

(121 — gy)uzum + (B — gy)uumz .

To ensure equivalence to (1) except for scaling we need the relative coefficients to appear in the ratio

(11), so that
(Afgy):(f;fgy):my (24)

In addition we also need to satisfy (12), so that
3 3

EV:(B—EV):?):l.

These two conditions imply B =2v and A = 11v/2. As a result we finally obtain the equation

U — V8 Uger + Us + geuuz — %e52y(uuzm + 2UgUzs) + 52(% —v— %U)umz =0, (25)



. . . 2
which can be rewritten in terms of m = u — vé Uy, as

me + mg + %(umx + 2mug) + 62(% - %U)Uxm =0. (26)

Thus, the coefficients in the Kodama transformation (14) that yield this equation are,

7 1 2—-30

M= o5 T30 (27)
1 2 2-30¢

. k. A 2

a2 575 T =302 (28)
1 117-300

B = — (29)

%70% 1—-30

Returning to physical variables, where u and ¢, have units of ga/co = coa/ho, followed by an
additional scaling of u — 2u, gives equation (26) the canonical CH form,

me + comz + umg + 2muz + Dugge = 0, (30)

in which m = u — vh?uy, and T' = ¢oh®(1 — 30)/6. The parameters o® and T in CH (1) are now
understood in terms of physical variables as
9 — 300 — 450° coh?

2 2 211
R r=
@ = 60 1—30 : 6

(1- 30). (31)

The parameter I' changes sign when the Bond number o crosses the critical value, 1/3. For later
reference, we record the value of ¢ > 0 for which o vanishes, as
1 2

1
[e% = —= o ~ . _— 2
ag 3+15\/3 039696>3 (32)

In the special case ¢co = I' = 0 equation (30) is called “the peakon equation.” This equation
supports peakons as solitary wave solutions whose derivative is discontinuous at the extremum. These
solutions were introduced and discussed by Camassa & HoLMm [5]. The peakon equation has many
exceptional mathematical properties that arise from its interpretation as geodesic motion in the Euler-
Poincaré variational framework, as explained in [20]. However, the peakon equation cannot be derived
as a water wave equation in a weakly nonlinear shallow approximation from the Euler equation by the
present technique. This is because neither a Galilean transformation, nor an appropriate splitting can
eliminate both of the linear dispersive terms in equation (30) simultaneously. One is always left with
a residual linear dispersion.

JOHNSON [22] has recently derived the dispersive CH equation (30) as a shallow water wave equation
by using the same asymptotic expansion. However, two key steps in the asymptotic derivation are
addressed in quite different ways in [22] and here. Firstly, the ratios of the coefficients of the equation
must be adjusted to ensure integrability. In [22], this is achieved by using the height at which the
velocity potential is evaluated as a free parameter. Instead of the height, we use the free parameters
in the Kodama transformation (14) to obtain the desired ratios.

Secondly, the fifth-derivative term uzzzzs of order (’)(64) must be removed. The present approach
allows the value of the free parameter v in the Helmholtz operator to be chosen to cancel out this
term. In [22], this term is simply omitted. In Section 4 we shall use our approach to show that the CH
equation is asymptotically equivalent to the KdV5 equation, which involves this fifth-order derivative.

In order to compare predictions in terms of physically measurable quantities, the solutions for the
velocity-like variable u must be transformed back to the elevation field 7 by using (14). However, the
derivation not only used the transformation (14), it also involved applying the Helmholtz operator.
Therefore, one should verify that it is sufficient to simply invert (14). Fortunately, when the inverse
transformation « = w(n) of the same form as (14) with w and 7 interchanged is substituted into
the final equation (26), we find that the coefficients just reverse their signs. We conclude that (1) is
equivalent to the shallow water wave equation (8) up to and including terms of order O(5*).

4 The Kodama-Helmholtz transformation

In the previous section, we transformed the shallow water wave equation (8) into the CH-equation (1)
by means of a Kodama transformation (14) and an application of the Helmholtz-operator. Now we
describe the class of equations that can be derived from the shallow water wave equation (8) by any



such sequence of transformations, which we will refer to as KH-transformation. This class contains
(at least) four integrable equations, one of which is the CH-equation. Moreover, all equations in this
class are not only related to (8); they are also related to each other by such transformations and are
therefore asymptotically equivalent.

Similar transformations have been used by Fokas & Liu [14] that included an additional term of
the form zwu:, but no Helmholtz-operator. In this case, the class of equations even includes the (3rd
order) KdV equation. Unfortunately, though, this term is not uniformly bounded, so we shall decline
to use it. Its unboundedness is a problem when transforming travelling wave solutions which move
towards = +o0o. Moreover, use of the term zu: changes the dispersion relation.

4.1 Invariance of the dispersion relation

The Kodama transformation (14) does not change the dispersion relation. To see this, one may observe
that only terms linear in 7 or its derivatives produce linear terms in the transformed equation. Simi-
larly, applying (14) to nonlinear terms in an equation produces only nonlinear terms in the transformed
equation. Therefore, in proving invariance of the linear dispersion relation under (14), we may restrict
to a transformation n = u+eL(u) in which L is a linear differential operator with constant coefficients
and the linear equation to be transformed is ny = M (n). To first order, we then have u; = M (u) and
the full transformation gives
u +eL(ug) = M(u+eL(u)) .

Now the first order equation may be used to eliminate the time derivatives which are not of order zero,
thereby yielding
us +eL(M(u)) = M(u) +eM(L(u)) .

If M and L commute, as they always do when they have constant coefficients, the final answer is
u¢ = M(u). Consequently, the Kodama transformation (14) leaves a linear equation unchanged. Note
that including the zu; term in the transformation would in general cause the operators to no longer
commute, so that the dispersion relation would be changed, as previously claimed.

The second step of the transformation is the application of the Helmholtz operator H = 1 —v§292.
As we have just seen, the Kodama transformation leaves the linear part of the equation unchanged.
Applying the Helmholtz operator to an equation does change the linear part, but it still leaves the
dispersion relation unchanged. To see this, let the linear part of the equation be given by u; = M (u).
The new equation is H(ut) = H(M(u)). If H and M are linear with constant coefficients this gives
H(u): = M(H(u)) so that with the definition m = H(u) we obtain m; = M(m), which has the same
dispersion relation. This does not hold, however, if we truncate higher order terms in H (M (u)). If
we truncate, then the dispersion relation will agree up to the order of truncation. For example, the
dispersion relation for (1) is a rational function, which differs from the polynomial dispersion relation
obtained from (8). However, by the above argument the two dispersion relations agree up to the desired
order.

4.2 Range of the KH-transformation

We now investigate which equations may be transformed into each other by a KH-transformation. The
class of equations that (under some additional conditions to be derived) may be transformed into each
other by KH-transformations is given by

F(uty uz7 uzzz; uzzt; uzzzzzy ’U/U,z) + G(U2uz7 UUzzz; uzuzz) = 0 3 (33)

where F' and G are linear and the coefficients of u;, Uz, sz, Ugee are nonzero. This means that
each equation has a KdV-kernel. In addition, we assume that the terms are ordered as in the previous
section: Every u has weight ¢ and every x (or ¢) derivative has weight §. However, for simplicity,
we do not explicitly display the weights in the following, even though they are used for truncation at
the usual order. The general procedure consists of two parts. In the first part the coefficients in F' are
normalised in three steps. In the second part the Kodama transformation is used to adjust the terms
in G. The details of the calculation are similar to those of the previous section and are therefore not
given.

Equations are considered to be equivalent when they differ only by a transformation of the form

(t,z,u) — (1t,€x — Kt,vu). (34)



Scaling of w, t, and the equation allow one to set the coefficients of us;, u:, and wu, to arbitrary
non-zero values. After such a scaling, the equation takes the form,

Ut + Uz + UUz + f3uzzz + f4uzzt + f5uzzzzz + 91U2Uz + gUUzzx + g3UzUgax = 0. (35)

The next step is to remove the u,,: term by eliminating the ¢ derivatives using the equation itself.
This operation produces an equation of the form,

Ut + Ugp + UUL + (f3 - f4)uxxac + (f5 - f4(f3 - f4))uxacxacac +
Gt + (g2 — fa)utizes + (g3 — 3f2)Untize = 0. (36)

In the third step, the coefficients of ugze and Uzezes are normalised using (34) again, while keeping
the coefficients of us, ug, uuy all fixed at unity. First £ is used to normalize the ratio between the
coefficients of Ugge and Ugzzzs to 1, assuming that both are non-zero. The relative sign of these
coefficients cannot be changed. Dividing the equation by 7 allows both coefficients to be set to unit
magnitude. In order to keep the other coefficients in the linear function F' equal to unity, the special
transformation of the form (34) reads (¢, z,u) — (7t,&x + (7 — &)t,&u/7). The above three steps
(transformation (34) to find (35), elimination of use: to find (36) and again transformation (34) to
find (37)) can be performed for any equation in the class (33). Therefore, we shall only be concerned
with the equivalence under Kodama transformation of equations of the form

Ut + Uy + fﬁuux + fS'U«xacx + f~5uxacxacac + glUQUx + gQuuxxac + gSuxuxac =0, (37)

where f(; =1, fg =1, or 0, and f5 ==1,0r0. fg = 0 appears when f3 = f4 in (35). The parameter
fa is kept in the notation to trace the influence of the uu, term. The terms in the linear function
F' are unchanged by the Kodama transformation because such linear terms are unchanged by a near
identity transformation and wu, is the lowest order nonlinearity. Therefore two equations can only
be equivalent if their normalised coefficient f5 agrees. Recall that u,,+ has already been eliminated,
so that if, e.g., the above steps are applied to the CH-equation, the resulting equation does possess a
non-zero fifth derivative term.

The terms in the linear function G in (33) can be adjusted by the Kodama transformation. This
generates coefficients,

o= g+ fe(201 +a2)/2,
g2 = g2+3axfs, (38)
gz = 93+3f3(2a1 + a2) *2ﬂf6-

The g; are linear in the coefficients a1, a2, and B of the Kodama transformation. A sufficient
condition for the solvability of this linear system is fg fg # 0. Hence, if the coefficients of ugqe and uuy
in (37) are non-zero, then any value of g; can be achieved by some Kodama transformation. Since the
coefficient of uu, in (33) is assumed to be non-zero the only additional condition is fa=fa—f1#£0
in (35). Note that this condition was already necessary in order to obtain (37). For example, any
equation with positive relative sign of f3 and fs in (37) is equivalent to the water wave equation (8)
with ¢ = 0. In particular, this shows that the integrable KdV5 can be obtained, see [25]. Similarly,
different higher-order, but non-integrable, extensions of the KdV equation can also be obtained, e.g.,
those introduced by CHAMPNEYS & GROVES [6]. Notice that the relative sign of f3 and f5 in (37) is
negative for 1/3 < o < 04, see (32). The condition f3 = 0 appears for o = 1/3, while f5 = 0 for
0 =0q ~0.39696.

To arrive at equations with a uzz+ term, the Helmholtz operator is applied. The Helmholtz operator
fits nicely into the above procedure, because it is the inverse of the elimination of the uz,: term, at the
order considered. More precisely, if the Helmholtz operator 1 — f492 is applied to (36) then equation
(35) is recovered. Therefore, each of the three steps leading to the normalised form (37) can also be
inverted, and any two equations with equal f5 are asymptotically equivalent. The CH-equation has
fs = sign(a’T"), even though f5 = 0 originally. Moreover, fg = sign(I"), so that the relative sign is
that of o?. From these equations, it follows that the vanishing of fg implies the vanishing of f5. This
is not true in the water wave equation. That is, o = 1/3 does not make the coefficient of uszeza

vanish. This explains why the CH-equation is not a good model for o = 1/3.

In general, all the terms in the linear function G in equation (33) may be removed by a Kodama
transformation. However, it is not possible in general at the same time to remove the fifth order
derivative. One may, however, trade the fifth order derivative for the uy,+ term. Therefore, possibly
the simplest representative equation in the class (33) has the form

Ut + Uz + Uz + Ugoe + KUzzt = 0,



where small positive/negative k gives the different signs for f5. The case with positive  results from
the BBM equation of BENJAMIN et al. [3] by a Galilean transformation and velocity shift (which is
not included in the transformation group (34)). It is known that the BBM equation is not integrable.
Thus, the integrable CH equation arises as a Kodama-Helmholtz near-identity transformation of the
non-integrable BBM equation, after a Galilean transformation and velocity shift.

4.3 Examples
4.3.1 Asymptotic equivalence of CH and KdV5 equation

The previous section constructs a transformation from the water wave equation to the CH equation.
The general argument of this section shows that it is also possible to transform the CH equation, for
example, into the KdV5 equation. To this end, we first expand the time derivative in the uzz:-term
using the equation itself and then apply a transformation of the form

u=1v+ e(a1v2 + azvxa_lv) + 62ﬁvm . (39)

Choosing the values in this Kodama transformation as
B =2a%, (40)

transforms the CH equation (1) into the integrable KdV5 equation

E 0421121)90
2 r

vt + coVy + 3vus + 5 (vaacx + QUxeac) 052 + +TI (042115090909030 + Uxacac) =0. (41)
We conclude that (1) is asymptotically equivalent to the integrable KdV5 equation, and both of
them are equivalent to (8) at order O(§*). However, the equivalence of (1) to the KdV5 equation
breaks down in the limit I' — 0, because both the transformation and the resulting equation are
singular in the limit I' — 0. Therefore, the peakon equation cannot be transformed into KdV5.

Using the additional parameter v supplied by the Helmholtz operator allows for the removal of the
highest order term while preserving the dispersion relation, which is unchanged by applying a linear
operator to the equation. One advantage of the CH equation over the asymptotically equivalent KdV5
equation is that it is numerically easier to integrate because it does not contain the fifth derivative.
This is in accordance with the general smoothing effect of the Helmholtz operator.

Different variants of higher order KdV equations have been derived in the literature.In this context,
we mention [6], who obtained a 5th order KdV equation by expanding the variational formulation of the
water wave problem. Again, their equation is asymptotically equivalent to CH by a certain Kodama
transformation. From our point of view, however, the virtue of the power of the Kodama-transformation
is that it allows one to select integrable equations as the model equation. The equation derived in [6]
is not known to be integrable.

4.3.2 Asymptotic equivalence to the b-equation

Recently a new variant of (1) has been introduced by DEGASPERIS & PROCESI [8] as
m: +umqs + buzm = CoUgx — Fuzzz ; (42)

where b is an arbitrary parameter. The cases b = 2 and b = 3 are special values for this equation.
The case b = 2 restricts it to the integrable CH equation. The case b = 3 is the DP equation of
DEGASPERIS & PROCESI [8], which was shown to be integrable in [9]. The two cases CH and DP
exhaust the integrable candidates for (42), as may be shown using either Painlevé analysis, as in [9],
or the asymptotic integrability test, as in [8]. The b-family of equations (42) was also shown in [28] to
admit the symmetry conditions necessary for integrability only in the cases b = 2 for CH and b = 3
for DP.

We shall show here that the new integrable DP equation can also be obtained from the shallow
water elevation equation (8) by an appropriate Kodama transformation. The derivation in the previous
section is essentially unchanged up to equation (24). The two scaling relations (11,12) now read

<9 -~ 3
3 =~ 3
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Figure 1: Normalised dispersion relations for ¢ = 0.0,0.25,0.35,0.8 as a function of hk. The full line is
the exact phase speed (44); the dashed line is the approximation (43) and the short dashed line is that of
KdV5.

These two conditions imply

~ 3b+2 pe 34b+3
B—I/EH—l and A—I/§b+—1

The resulting Kodama transformation of the form (14) with coefficients o/, ab, and 3’ are

O/l = a1 +3A

an = az—6A

B = B—(1-30)A where

. b—2450% + 300 — 19
b+1 360 ’

Therefore any b # —1 can be achieved by an appropriate Kodama transformation. Note that when
0 = 0a, see (32), then o® = 0, hence A = 0 is independent of b. After this transformation (42) is
obtained by further scaling the new dependent variable u by the factor b+ 1. See [21] for discussions
of equation (42) in which b is treated as a bifurcation parameter when co =0 and I' = 0.

The value b = —1 is excluded, not from a deficiency of the KH-transformation, but because the
term wug is not removable in the linear function F' in equation (33). As we have shown above, the
KH-transformation does not affect this term, and so it cannot be removed from the 7 equation (8).
That is, the case b = —1 is not within the range of the KH-transformation.

We conclude that the detailed values of the coefficients of the asymptotic analysis at quadratic order
hold only modulo the KH-transformations, and these transformations may be used to advance the anal-
ysis and thereby gain insight. Thus, the KH-transformations may provide an answer to the perennial
question “Why are integrable equations found so often, when one uses asymptotics in modelling?”
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5 Dispersion relation

The interplay between the local and nonlocal linear dispersion in the CH equation (30) is evident in
the relation for its phase velocity,

w T'k?

T Traz2
for waves with frequency w and wave number k linearized around v = 0. For I" < 0, short waves and
long waves both travel in the same direction. Long waves travel faster than short ones (as required
in shallow water), provided T' < 0. Then the phase velocity lies in w/k € (co — I'/a?,co]. At low
wave numbers, the constant dispersion parameters a? and I' both perform rather similar functions.
At high wave numbers, however, the parameter a? properly keeps the phase velocity of the wave from
becoming unbounded, and the dispersion relation is similar to the original dispersion relation for water
waves, provided that the surface tension vanishes ¢ = 0. The remarkably accurate linear dispersion
properties close to k & 0 give the CH equation a clear advantage over the KdV equation (provided o
is not close to 1/3, see Fig. 1).

(43)

For the peakon equation, ¢co = I' = 0 and linear dispersion is absent. For nonvanishing surface
tension, the true dispersion relation for shallow water waves is unbounded for large wave numbers,
whereas the dispersion relation of equation (1) saturates to the asymptotic value co — I'/a?.

Consequently, (1) is inferior to KdV5 for non-zero surface tension, with respect to traveling wave
solutions exhibiting small tail waves. Unboundedness of the linear dispersion relation of KdV5 for high
wave numbers allows resonances to occur between a supercritical solitary wave and high-wavenumber
linear waves. These resonances give rise to exponentially small ripples at the tails of the solitary wave,
in accord with the water wave solution of the full Euler equation. See, for example, [4, 19, 10] and [26]
for more discussion and analysis of these fascinating resonances. Nonetheless, traveling wave solutions
of CH and KdV5 are asymptotically equivalent, and they both agree asymptotically with traveling
wave solutions of the full water wave problem, see sec. 6.

The connections to the physical parameters o = «(o) and I' = I'(o) are defined in equations
(31). The asymptotic equation (30) was derived from the water wave equation by means of the KH-
transformation. As explained in sec. 4.1, the dispersion relation (43) matches the dispersion relation
for water waves up to quintic order. In comparison, the dispersion relation for water waves, when
developed for small wave number k yields

w 1+ oh2k?

Y e AR 44

ok \/ e tanh hk (44)
~ 71 o 272 L o o 2 4,4
~ 1 6(1 30)h° k" + 360(19 300 — 450°)h*k (45)
~ 17%(173a)h2k2(171/h2k2). (46)

Therefore, the dispersion relations are in agreement up to 5th order in dimensionless wavenumber hk.
For the particular value o = 0.069, the dispersion relations agree up to 7th order.

6 Travelling wave solutions

One may also ask how the solutions of equation (1) compare to the usual KdV solitons and to real
water solitary waves. An expansion of the form of the traveling wave in the full Euler equations is
given by GRIMSHAW [18], and to higher order by FENTON [12]. * The result given in [18] is normalised
so that the highest point of the wave at s = 0 is unity.

By direct substitution of a series in sech? into (26), one finds
2 19 5 4
u(s) = asech”bs + 30 €6 sech™bs,
where b® = 3ac/(46%) and ¢ = 1+ ea/2 + Be®a® in s = 2 — ct. Applying the (inverse) Kodama
transformation gives
1 3
n(s) =a(l+ Eea)secths + ZeaQSech4bs.
For simplicity, we restrict the calculation to the case without surface tension, i.e., o = 0. After
normalising the height at the crest to unity, we find perfect agreement up to order ea? with the exact

IFor only moderately steep waves, and for the corresponding cnoidal waves, Fenton has shown that the 1972 approach
gives a very poor approximation to the velocity field, see Fenton (1990) [H. Peregrine (private communication)].
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result by GRIMSHAW [18]. This shows that the travelling wave solutions of (1) agree with those of the
exact Euler equations up to the order we are considering, which is the optimal result. In particular,
the traveling waves are narrower and slower (in this normalisation) than the KdV soliton, in agreement
with experimental findings of WEIDMAN & MAXWORTHY [30]. The solution also agrees with the one
found in [25] by solving the 5th order KdV equation.

Acknowledgments

We are grateful to R. Camassa, O. Fringer, I. Gabitov, R. Grimshaw, Y. Kodama, B. McCloud, J.
Montaldi, P. J. Olver, T. Ratiu, M. Roberts, G. Schneider, P. Swart, E. C. Wayne and A. Zenchuk for
their constructive comments and encouragement. We also thank H. Peregrine for his careful reading of
the manuscript and for his expert comments. This work began at the MASEES 2000 Summer School in
Peyresq, France. GAG was supported by a European Commission Grant, contract number HPRN-CT-
2000-00113, for the Research Training Network Mechanics and Symmetry in Europe (MASIE). HRD
was partially supported by MASIE. DDH was supported by DOE, under contract W-7405-ENG-36.

References

[1] ALBER, M., Camassa, R., HoLM, D. D. & MARSDEN, J. E. 1994 The geometry of peaked
solitons and billiard solutions of a class of integrable PDE’s. Lett. Math. Phys. 32, 137-151.

[2] ALBER, M., CaMASsA, R., FEDOROvV, V. N., HoLM, D. D. & MARSDEN, J. E. 1999 On billiard
solutions of nonlinear PDE’s. Phys. Lett. A 264, 171-178. IBID 2001 The complex geometry of
weak piecewise smooth solutions of integrable nonlinear PDE’s of shallow water and Dym type.
Comm. Math. Phys. 221, 197-227.

[3] BENJAMIN, T.B. BoNa, J.L. & MAHONEY, J.J. 1972 Model equations for long waves in non-linear
dispersive systems Phil. Trans. R. Soc. Lond. A 272, 47-78

[4] BEALE, T. J. 1991 Solitary water waves with capillary ripples at infinity. Commun. Pure Appl.
Math. 64, 211-257.

[5] Camassa, R. & HorMm, D. D. 1993 An integrable shallow water equation with peaked solitons.
Phys. Rev. Lett. 71, 1661-1664.

[6] CHAMPNEYS, A.R. & GROVES, M.D. 1997 A global investigations of solitary-wave solutions of a
two-parameter modell for water waves J. Fluid Mech. 342, 199-229.

[7] CHAMPNEYS, A. R., VANDEN-BROEK, J.-M. & LoORD, G.J. 2002 Do true elevation solitary waves
exist? A numerical investigation. J. Fluid Mech. 454, 403-417.

[8] DEGASPERIS, A. & PROCEsI, M. 1999 Asymptotic integrability. In Symmetry and Perturbation
Theory (ed. A. Degasperis & G. Gaeta). World Scientific, pp.23-37.

[9] DEGASPERIS, A. HoLM, D. D. & HONE, A. N. W. 2002 A new integrable equation with peakon
solutions. Theoret. and Math. Phys. 133 1463-1474. http://xxx.lanl.gov/abs/nlin.SI/0205023.

[10] Dias, F. & KHARIF, C. 1999 Nonlinear gravity and capillary-gravity waves. Ann. Rev. Fluid
Mech. 31, 301-346.

[11] DuLLiN, H. R., GOTTWALD, G. & HoLM, D. D. 2001 An integrable shallow water equation with
linear and nonlinear dispersion. Phys. Rev. Lett. 87, 4501-4504.

[12] FENTON, J.D. 1972 A ninth-order solution for the solitary wave. J. Fluid Mech. 53, 257-271.

[13] FENTON, J.D 1990 Nonlinear wave theories, in The Sea: Ocean Engineering Science, Volume 9,
Part A, eds. B. Le Méhauté and D.M. Hanes, 3-25.

[14] Fokas, A. S. & Liu, Q. M. 1996 Asymptotic integrability of water waves Phys. Rev. Lett. 77,
2347-2351.

[15] Fokas, A. S. 1995 On a class of physically important integrable equations Physica D 87, 145-150.

[16] Fokas, A. S. & FUCHSSTEINER, B. 1981 Bécklund transformations for hereditary symmetries
Nonlinear Anal. TMA 5 423-432.

[17) FUCHSSTEINER, B. 1996 Some tricks from the symmetry-toolbox for nonlinear equations: gener-
alization of the Camassa-Holm equation Physica D 95, 229-243.

[18] GrimmsHAW, R. H. J. 1971 The solitary wave in water of variable depth Part 2. J. Fluid Mech.
46, 611-622.

12



[19]
[20]

[21]

[22]

[23]

24]
[25]

[26]

[27]
[28]

[29]
[30]

GRrIMSHAW, R.H.J., & JosHI, N. 1995 Weakly nonlocal solitary waves in a singularly perturbed
Korteweg-de-Vries equation textitSIAM J. Appl. Math. 55, 124-135.

HorLMm, D. D. MARSDEN, J. E. AND RATIU, T. S. 1998 The Euler—Poincaré equations and
semidirect products with applications to continuum theories. Adv. in Math. 137, 1-81.

HorMm, D. D. & STALEY, M. F. 2002 Nonlinear balance and exchange of stability in dynamics
of solitons, peakons, ramps/cliffs and leftons in a 141 nonlinear evolutionary PDE. Phys. Lett. A
308, 437-444; Horm, D. D. & STALEY, M. F. 2003 Wave Structure and Nonlinear Balances in
a Family of Evolutionary PDEs. SIAM Journal on Applied Dynamical Systems 2, 323-380.

JOHNSON, R. S. 2002 Camassa-Holm, Korteweg-de Vries and related models for water waves. J.
Fluid Mech. 455, 63-82.

KobaMA, Y. 1985 On integrable systems with higher order corrections Phys. Lett. A 107, 245-249,
KopaMma, Y. 1985 Normal forms for weakly dispersive wave equations Phys. Lett. A 112, 193-
196; Kopama, Y. 1987 On solitary-wave interaction Phys. Lett. A 123, 276-282; KopAMA, Y. &
MikHAILOV, A. V. 1996 Obstacles to Asymptotic Integrability In Algebraic Aspects of Integrable
Systems: In Memory of Irene Dorfman (ed. A. S. Fokas and 1. M. Gelfand). Birkh&user, Boston,
pp 173-204.

KorRTEWEG, D. J. & DE VRIES, G. 1895 On the change of form of long waves advancing in a
rectangular channel, and a new type of long stationary waves Phil. Mag. (5) 39, 422-443.

L1 Z. & SiBGATULLIN, N. R. 1997 An Improved Theory of Long Waves on the Water Surface J.
Appl. Maths. Mechs. 61, 177-182.

LoMBARDI, E. 2000 Oscillatory integrals and phenomena beyond all algebraic orders. With ap-
plications to homoclinic orbits in reversible systems Springer-Verlag, Berlin. Lecture Notes in
Mathematics 1741.

MARCHANT, T.R. & SMYTH, N.F. 1990 The extended Korteweg-de Vries equation and the reso-
nant flow over topography. J. Fluid Mech. 221, 263-288.

MikHAILOV, A. V. & Novikov, V. S. 2002 Perturbative symmetry approach. J. Phys. A 35
4775-4790.

WHITHAM, G. B. 1974 Linear and Nonlinear Waves, Wiley Interscience:New York.

WEIDMAN, P. D. & MAXWORTHY, T. 1978 Experiments on strong interactions between solitary
waves J. Fluid Mech. 85, 417-431.

13



