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Abstract

Explicit travelling-wave solutions of the Camassa—Holm equation are sought. The solutions are characterized by two
parameters. For propagation in the positive x-direction, both periodic and solitary smooth-hump, peakon, cuspon and
inverted-cuspon waves are found. For propagation in the negative x-direction, there are solutions which are just the
mirror image in the x-axis of the aforementioned solutions. Some composite wave solutions of the Degasperis—Procesi
equation are given in an appendix.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The family of equations
Uy — Upye + (b + Duny = bty + Uty (1.1)

where b > 1 is a constant, was discussed in [1]. Phase portraits were used to categorize travelling-wave solutions. In [2]
the family was dubbed the ‘peakon b-family’.
As discussed in [3], the family of Eq. (1.1) contains only two integrable equations, namely the dispersionless
Camassa—Holm equation (CHE) for which b = 2 [4] and the Degasperis—Procesi equation (DPE) for which b = 3 [5].
It has been known for some time that the dispersionless Camassa—Holm equation, namely

Uy — Upy + 31’”'{1 = zuxuxx + Ulhyxy (12)
has a weak solution in the form of a single peakon [4]

u(x, t) = ve F (1.3)
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where v is a constant, and an N-peakon solution [6] that is just a superposition of peakons, namely
N
ux,0) =Y p,(n)e oV, (1.4)
=1

where the p(#) and ¢,(¢) satisfy a certain associated dynamical system. (A substantial list of references regarding the
properties of the CHE may be found in [7].)

Recently, a classification of travelling-wave solutions of the CHE was given in [7]. However, explicit solutions were
given only for the solitary peakon and periodic peakon waves. Periodic smooth-hump waves and periodic cuspon waves
were investigated numerically in [8].

The aim of the present paper is to present explicit solutions of the CHE for both periodic and solitary smooth-hump,
smooth-well, peakon, inverted-peakon, cuspon and inverted-cuspon waves. We use a technique similar to the one we
presented in [9] for the DPE.

In Section 2, we explain why the technique we used for the DPE in [9] also works for the CHE. In Section 3 we find
explicit solutions for travelling waves and classify them in terms of two parameters. In Section 4 we give our concluding
remarks.

2. An integrated form of Eq. (1.1)

In order to seek travelling-wave solutions to (1.1), it is convenient to introduce a new dependent variable z defined by

z = (u—v)/|v| (2.1)
and to assume that z is an implicit or explicit function of #, where

0 =x— vt — X, (2.2)
v and X, are arbitrary constants, and v # 0. Then (1.1) becomes

ZZygy + bzyzygy — (b + 1)zz; — bez, =0,  where ¢ :=v/|v| = £1. (2.3)
After two integrations (2.3) gives

(z2)" = f(2), (2.4)
where

f(2) =2+ 2c2° + 422 + B, (2.5)

and A and B are real constants.

In [9] we showed that, when f{z) is a quartic, (2.4) has two implicit solutions in which z and 7 are expressed in terms
of a parameter w. For reference, these solutions are summarized in Appendix A.

Note that for b > 1, f(z) is a quartic for b =2 or b = 3 only. The case b = 3, for which (1.1) is the DPE, was consi-
dered in [9]. Explicit periodic and solitary-wave solutions were found. Because f{z) is also a quartic when b = 2, we can
use a similar technique in order to investigate the CHE.

3. Explicit travelling-wave solutions of the CHE

When b =2, (2.5) becomes
f2) =2 4+2c2 + A2 + Bz = (z — 21)(z — ) (23 — 2) (24 — 2). (3.1

For the solutions of (2.4) that we are seeking, z;, z», z3 and z4 are real constants with z; <z, <z < z3 < z4 and
z1+zy+ 23+ 24 = —2c.

From (3.1) it can be seen that one of zj, z;, z3 and z4 is always zero. We let the other three be ¢, r and s, where s <
r<qgands=—q —r — 2c. The types of solution to (2.4) may be categorized by an appropriate choice of the two param-
eters ¢ and r. In [7,8] the two parameters that were used, namely M and m in the notation of [7,8], are equivalent to ¢ + ¢
and r + ¢ respectively.

Note that (2.4) is invariant under the transformation z — —z, ¢ — —c¢; this corresponds to the transformation
u— —u, v — —v in (2.1). Here we will seek the family of solutions of (2.4) for which v > 0 in (2.2) and so, from here
on in this section, we will assume that ¢ = 1.
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3.1. z; = 0. Periodic smooth hump with v>0
Suppose z4 = 0 so that z; =, z; = r and z3 = g. Consider the case z; < z; < z3 <0 so that

—q—-r—2c<r<q<o. (3.2)

(This is equivalent to the case considered numerically in Section 4.1 of [8].) The solution to (2.4) is a periodic hump
given by (A.1) or (A.4) with r < z< g and 0 <m < 1; see Fig. 1 for an example given by (A.1).

3.2. z; = 0. Solitary smooth hump with v>0
In Section 3.1 consider the limit z; = z, so that we have m =1 and z; = z, < z3 < 0. In this case
2
—c<r<—>¢, qg=-2r+c). (3.3)

3

The solution to (2.4) is a smooth-hump solitary wave given by (A.6) with r < z < =2(r + ¢); see Fig. 2 for an example.
3.3. z; = 0. Periodic peakon with v>0

In Section 3.1 consider the limit z3 = z4 so that we have m =1 and z; < z, < z3 = 0. In this case
—c<r<0, ¢g=0. (3.4)

The solution to (2.4) is given by (A.3) and has r < z < 0. From this we can construct a weak solution, namely the peri-
odic peakon wave given by
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Fig. 1. Periodic smooth hump with r = —0.7, ¢ = —0.3 and v > 0.
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Fig. 2. Solitary smooth hump with r = —-0.9, ¢ = —0.2 and v > 0.
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where
z() := [z — zitanh?(5/2)]cosh?(5/2) = —c + (r + ¢) cosh g (3.6)

— I 1 [T .
1,, := 2tanh (\/;) 2tanh ( r+20)’ (3.7)

see Fig. 3 for an example. The solution given by (3.5)—(3.7) is the spatially periodic solution of the CHE that has been
dubbed a ‘coshoidal wave’ by Boyd [10].

and

3.4. z, = 0: Solitary peakon with v >0
In Section 3.1 consider the limit z; =z, and z3 = z4 so that we have z; = z, < z3 =0 and then
r=-—c q=0. (38)

In this case neither (A.3) nor (A.6) is appropriate. Instead we consider (2.4) with f(z) = zX(z + ¢)* and note that the
bound solution has —c < z < 0. On integrating (2.4) and setting z = 0 at # = 0 we obtain the weak solution

z=cle M —1), (3.9)

1.e. a solitary peakon with amplitude c; see Fig. 4.
3.5. z3 = 0: Periodic cuspon with v >0

Suppose z3 = 0 so that z; =, z; = r and z4 = ¢. First let us consider the case z; <z, <0 < z4 so that

—qg—r—2c<r<0<gq. (3.10)
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Fig. 3. Periodic peakon with r = —0.9, ¢ =0 and v > 0.
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Fig. 4. Solitary peakon with r = —1, ¢ =0 and v > 0.
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(This is equivalent to the case considered numerically in Section 4.2 of [8].) The solution to (2.4) is a periodic cuspon
given by (A.1) or (A.4) with r <z< 0 and 0 <m < 1; see Fig. 5 for an example given by (A.4).

3.6. z3 = 0. Solitary cuspon with v >0

In Section 3.5 consider the limit z; = z, so that we have m =1 and z; = z, < 0 < z4. In this case
r<-—c, qg=-2(r+c). (3.11)

The solution to (2.4) is a solitary cuspon given by (A.6) with r <z < 0; see Fig. 6 for an example.
3.7. z; =0: Periodic inverted cuspon with v >0

Suppose z, = 0 so that z; = s, z3 = r and z4 = ¢. First let us consider the case z; <0 < z3 < z4 so that
—q—r—2c<0<r<gq. (3.12)
The solution to (2.4) is a periodic inverted cuspon given by (A.1) or (A.4) with 0 < z < rand 0 < m < 1; see Fig. 7 for an
example given by (A.1).

3.8. z; = 0. Solitary inverted cuspon with v >0

In Section 3.7 consider the limit z3 = z4 so that we have m =1 and z; <0 < z3 = z4. In this case
O0<r=gq. (3.13)

The solution to (2.4) is a solitary inverted cuspon given by (A.3) with 0 < z <r; see Fig. 8 for an example.
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Fig. 5. Periodic cuspon with r = —1, ¢ =0.1 and v > 0.
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Fig. 6. Solitary cuspon with r = —1.3, ¢ =0.6 and v > 0.
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Fig. 7. Periodic inverted cuspon with r = 0.6, ¢ = 0.7 and v > 0.
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Fig. 8. Solitary inverted cuspon with r = ¢ = 0.6 and v > 0.

39. z;=0and v>0

In this case z, + z3 + z4 > 0 and so the condition z, + z3 + z4, = —2¢ cannot be satisfied. Hence there are no solutions
with z; = 0.

4. Concluding remarks

In Sections 3.1-3.8 we have found explicit expressions for eight different travelling-wave solutions to the CHE that
travel in the positive x-direction with speed v, i.e. with v > 0. These solutions depend on two parameters ¢ and r. For
each of the aforementioned solutions expressed with u as the dependent variable, there is a solution for u that is the
mirror image in the x-axis and travels with the same speed but in the opposite direction, i.e. with v < 0. For example,
the mirror image of categories 3.2 and 3.5 respectively are solitary smooth wells with v < 0 and periodic inverted cus-
pons with v <0.

In Theorem 1 in [7], Lenells categorized travelling-wave solutions to the CHE. His categories (a)-(d) correspond to
our categories 3.1-3.4. His category (e), i.e. periodic cuspons, correspond to our category 3.5, i.e. periodic cuspons
with v > 0, together with the mirror image of our category 3.7, i.e. periodic cuspons with v < 0. His category (f), i.e.
solitary cuspons, correspond to our category 3.6, i.e. solitary cuspons with v > 0, together with the mirror image of
our category 3.8, i.e. solitary cuspons with v < 0. His categories (a’)—(f') are the mirror images of his categories (a)—
(f) respectively.

In [9] we investigated the DPE. As for the CHE, for v > 0 we found explicit expressions for smooth-hump and pea-
kon solitary waves and their periodic equivalents. Unlike the CHE for which we have found cuspon and inverted-cus-
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pon solutions, we showed in [9] that the DPE has inverted loop-like solutions instead. However, it should be noted that
it is possible to construct other explicit solutions for the DPE as composite waves by using the results in [9]. These are
summarized in Appendix B.

Appendix A

As shown in [9], there are two solutions to (2.4) when f{z) is a quartic. These are summarized below.
The first solution is

_ z — zinsn?(w|m)

1
= nsn2(wlm) n :;[wzl + (22 — z1) H (n; w|m)], (A1)

where

(23_22)(24_21) n_Z3—Zz

1
(24—22)(23—21)7 _23—21’ p_E (24722)(2372')' (A'Z)

In (A.1) sn(w|m) is a Jacobian elliptic function and the notation is as used in [11, Chapter 16]; II1(n;w|m) is the elliptic
integral of the third kind and the notation is as used in [11, Section 17.2.15]. When z3 = z4, m = 1 and so (A.1) becomes

— z;ntanh?
_222”17%214}7 =@72tanh71(\/ﬁtanhw). (A3)
1 — ntanh“w p
The second solution is
23 — zgnsn? (w|m)

1
=T ae(emy 17 pe T G )], (A4)

where m and p are as in (A.2) but n is given by

zZ3 — 2
=—, A.5
Zy — I ( )
When z; = z;, m = 1 and so (A.4) becomes
— zgntanh?
:2324”42“12“}, n= @—Q—Ztanh*l(\/ﬁtanhw). (A.6)
1 — ntanh*w p

The solutions (A.1) and (A.4) have the same profile but the former has z = z, when 1 = 0 whereas the latter has
z = z3. (A.4) may be obtained from (A.1) by shifting w by K(m), where K(m) is the complete elliptic integral of the first
kind. As indicated in obtaining (A.3) and (A.6) above, (A.1) is the appropriate solution to use when considering the
limit z3 = z4 whereas (A.4) is appropriate when considering the limit z; = z,.

Appendix B

As a footnote to the analysis of the DPE in [9], we give some explicit composite wave solutions for which v > 0. The
notation here refers to that in [9].

For A <0 and B = By, there is a solitary loop-like wave as shown in Fig. 2(a). If the part of the loop for which z <0
is removed, the remaining parts may be joined to form a solitary inverted cuspon with 0 < z <zy. For 4 <0 and
0 < B < By, a similar procedure applied to the periodic inverted loop-like waves shown in Fig. 1(a) leads to periodic
inverted cuspons with 0 < z < zs.

If in Fig. 2(a) the part of the loop for which z > 0 is removed, the remaining part may be repeated periodically to give
a periodic cuspon wave with z, < z < 0. If in Fig. 1(a) the part of the loops for which z > 0 is removed, the remaining
parts may be joined to give a periodic cuspon wave with z; < z < 0.

The waves described above have explicit expressions that may be obtained from the ones given in [9]. However, we
note that the DPE has other solutions for which we have not found explicit expressions: for 4 < 1 and B = By thereis a
solitary cuspon with z; <z < 0; for 4 <0 and By < B < By there is a family of periodic cuspons with z, < z < 0; for
0< A4 <1 and 0 < B< By there is a family of periodic cuspons with z; < z < 0.
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