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Abstract We report two integrable peakon systems that have weak kink
and kink-peakon interactional solutions. Both peakon systems are guaranteed
integrable through providing their Lax pairs. The peakon and multi-peakon
solutions of both equations are studied. In particular, the two-peakon dynamic
systems are explicitly presented and their collisions are investigated. The weak
kink solution is studied, and more interesting, the kink-peakon interactional
solutions are proposed for the first time.
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1 Introduction

In recent years, the Camassa-Holm (CH) equation [2]
my — bug + 2mug +mau =0, m=1u— Uy, (1)

where b is an arbitrary constant, has attracted much attention in the theory of
soliton and integrable system [1,3-6,9,11,13,14,17,21,22]. The most interesting
feature of the CH equation (1) is to admit peaked soliton (peakon) solutions
in the case of b = 0. In addition to the CH equation, other integrable models
with peakon solutions have been found, such as the Degasperis-Procesi equation
[7,8,18,19] and the cubic nonlinear peakon equations [10,12,15,16,20,23-25].

In this paper, we study the following equation with both quadratic and
cubic nonlinearity:

1 1
my = buy + 5 k:l[m(u2 — ui)]x + 5 ka(2muy + mgu), m=u — Uy, (2)
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(with k; and ko being two arbitrary constants) and its two-component
extension:

1
my = buy, + 5 [m(uv — ugpvy )] — 5 m(uv, — uzv),

1 1
ny = bu, + 5 [n(uv — uzvy)]s + ) n(uv, — ugv), (3)

m=Uu— Ugyg,

n=7v— Vyy.

Equation (2) is actually a linear combination of CH equation (1) and cubic
nonlinear equation

me = bug + [m(u® —u2)]z, M= U — Ugg, (4)
which was derived independently by Fokas [10], Fuchssteiner [12], Olver and
Rosenau [21], and Qiao [23], where the equation was derived from the two-
dimensional Euler system, and Lax pair, the M /W-shape solitons and peakon/
cuspon solutions were presented. Apparently, the two-component system (3) we
propose is reduced to the CH equation (1), the cubic CH equation (4), and the
generalized CH equation (2) as v = 2, v = 2u, and v = kju + ko, respectively.

Both (2) and (3) are proven integrable through their Lax pairs,
bi-Hamiltonian structures, and infinitely many conservation laws. In the case of
b =0, we show that systems (2)—(4) admit the single-peakon as well as multi-
peakon solutions. In particular, we explicitly solve the two-peakon dynamic
systems and study their collisions in details. In the case of b # 0, we find that
(4) and (3) possess the weak kink solutions. More interesting, the kink-peakon
interactional solutions are for the first time proposed for equation (4) in the
case of b # 0.

2 Lax pair, bi-Hamiltonian structure, and conservation laws

Equation (3) arises as a compatibility condition
U -V, +[U,V]=0

of a pair of linear spectral problems
¢1 _ 1 1 —a am
(@);U(@)’ v=5( o ) ®)
o1\ _ b1 _ 1A B
(2)=v(8) v=nalc B) o

m=u—"Ugy, N =7V Vg,

where
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b is an arbitrary constant, A is a spectral parameter,
a=1/1- )2,

and 1
A= )220+ Z (v — ugpvy) + . (uvy — ugv),

1
B=-\"Yu—au,) - 5 Am(uv — uzvy), (7)

1
C =\ Yv+av,)+ ) An(uv — ugvy).

Since equation (3) is reduced to the generalized CH equation (2) as v = kju+ks,
we obtain the Lax pair of (2) by substituting v = kju + kg into (5) and (6).
Thus, both (2) and (3) are integrable in the sense of Lax pair.

Proposition 1 FEquation (2) has the following bi-Hamiltonian structure:

0H, 0H>
= =K

my J Sm 5m7 (8)

where
~1 1 I P
J =ki0mo~ " md + 2k‘2(8m +md) + b0, H;= 5 (u* +uz)dz, (9)
K=0-0
(10)
1 [ree 4 200 L, 4 3 2 2
Hy = g (k‘lu + 2kjuu; — 3 k1w, + 2kou” + 2kouug, + 4bu )d:c.

Proposition 2 Equation (3) can be rewritten as the following bi-Hamiltonian

form:
0H, dH\T 0Hy dHo\T
T 1 1 2 2

= = 11

(me,mq) J(ém7 5n> (5m’ 5n> ’ (11)
where

g OmoO~tmd — mo~tm OmoO~1nd + mo~—n + 2b0
00 'md +ndtm + 260 oo 1nd —no~'n '
1t 0 -1
_ _ 12
Hy ) /OO (uwv 4+ ugvg)dz, K < L_ & 0 ), (12)

L[t
R R T .

—0o0

Based on a standard treatment, from the Lax pairs (5) and (6), we may
construct the following infinitely many conserved densities and the associated
fluxes of equation (3):
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1 mn, — Myen — 2mn
po=+v-mn, Fy= 2\/—mn (W —ugvz), p1= : .

2mn ’

1 1
= —g (uv — Uyvy + UV, — ugv) + N p1(uv — uzvy), (13)

pj =mwj, Fj=(u—uz)wj_o+ ; pi(uv —uzvy), j =2,
where w; is given by
UJOZ\/—ZL’ vy = mng —277::27;— 2mn7 (14)
and the recursion relation
1 1 .
Wjt1 = {wj ~ Wiz~ 5 M Z wiwk], j=1. (15)

mwo . . .
i+k=j+1,1,k>1

The infinitely many conservation laws of equation (2) may be obtained by
substituting v = kju + ko into (13).

3 Peakon solutions in case of b = 0

3.1 Peakon solutions of cubic CH equation (4)
One can directly check that the single-peakon solution of equation (4) with

b =0 is given by
3¢
=+ —|ztct|
" \/2 ¢

In general, we make the ansatz for N-peakons

N

’U,(.%',t) = ij(t)e_|m_q'j(t)|7 (16)

j=1

which implies
N
m =2 ijé(x —qj)-
j=1

Substituting them into equation (4) yields the following evolution equations for
the peak positions and amplitudes:

pj,t = 07

N
1 gl lai— 17
qjt = 3p§ — > pipe(1 = sgn(q; — gi)sgn(g; — qi))e |90l (7

i,k=1
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For N =2, (17) can be solved with the explicit solutions:

pi(t) =c1,  pa(t) = ca,

3e1e —[2(c2—c3)t/3] 2 5
t) = t 17 —1) — t
ql( ) Sgl’l( )‘ (C% . C%) ‘ (e ) 3 1ty (18)
derca  —jad-3) 2 2
e — 1 —
QQ(t) Sgl’l(t)‘ (C% _ C%) ‘ (e ) 3 c2t7

where ¢; and co are arbitrary constants. The two-peakon collision occurs at
the moment ¢t = 0, since ¢1(0) = ¢2(0) = 0. Without loss of generality, let us
suppose 0 < ¢ < ¢y. From formula (18), we know that for ¢t < 0, the tall and
fast peakon (with the amplitude co and peak position go) chases after the short
and slow peakon (with the amplitude ¢; and peak position ¢;). At the moment
of t = 0, the two-peakon collides and overlaps. After the collision (¢ > 0), the
two-peakon departs, and the tall and fast peakon surpasses the short and slow
one. See Fig. 1 (a) for the developments of this kind of two-peakon.

Remark 1 Our results show that the collision of two-peakon of equation (4)
is very different from the case of CH equation (1). For the CH equation (1),
the collision happens between peakon and anti-peakon [2]. For the cubic CH
equation (4), the collision of two-peakon occurs in the case that the tall peakon
‘chase’ the short one as described above.

3.2 Peakon solutions of generalized CH system (2)

It is easy to verify that the single-peakon solution of equation (2) with b = 0
take the form of

u = Ce~l#=tl, (19)
where C' is determined by
1 1
3k102+2k20+620. (20)
If k&1 =0, ks = —2, then C' = ¢. Thus, we recover the single-peakon solution

u = ce” ¥l of the CH equation (1) with b = 0. For k; = 2 and ky = 0, we
reduce to the single-peakon solution of the cubic nonlinear CH equation (4)
with b = 0. In general, for k; # 0, we may obtain

—3(V/3ky £ \/3k3 — 16k;c)
C = :
43k

If 3k% — 16k1c > 0, then C is a real number. If 3k% — 16kic < 0, then C is a
complex number. This means that we may have a peakon solution with complex
coefficient.

Let us assume that the N-peakons are the same form as (16). Then we
obtain the following N-peakon dynamic system:

(21)

N

1 — PR—
Pjt = — kap; kzlpksgn(qj — qr)e la; Qk|’
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1, 1. /1
e =~ ko Zpkef‘qqu‘ +, k1 <3 P? (22)
k=1

N
ik—=1

For N = 2, selecting k1 = ko = —2 may yield the following special solution:

p1(t) = cotht, qi(t) = 3(e2t8_ 1) +log(e* +1) — ; t —log2,
. (23)
po(t) = —cotht, qoft) = 32— 1) log(e? 4+ 1) + 3 t +log2.
Thus, we arrive at the following peakon-antipeakon solution:
u(z,t) = coth t(e_‘x_ql(t)‘ — e_lm_‘p(t”), (24)
where ¢1(t) and ¢a(t) are shown in (23). In spite of
lmpy(t) = —limps(f) = oo, limgi(t) = limga(t) = oo, (25)
from (24), we still have
limu(z,t) =0, VazeR, (26)

t—0

which indicates that the peakon and the antipeakon vanish when they
overlap. Guided by the above results, we may describe the dynamics of peakon-
antipeakon solution (24) as follows. For ¢ < 0, the peak is at g(t) and the trough
is at ¢1(t). The peak and the trough approach each other as ¢ goes to 0. At the
moment of t = 0, the peakon and the antipeakon collide and vanish. After their
collision (¢ > 0), they separate and reemerge with the trough at gs(t) and the
peak at ¢i(t). Fig. 1 (b) shows the peakon-antipeakon interactional dynamics.

Remark 2 The amplitudes p;(t) and po(t) in formula (23) are the same as
those of the CH equation [2], but the peak positions ¢; (t) and g2(t) are different.
In the CH equation, only p;i(¢) and ps(t) become infinite at the instant of
collision [2,3]. In the new equation (2), both (pi(t),p2(t)) and (q1(¢),q2(t))
become infinite at the instant of collision. However, in both cases, the peakon-
antipeakon vanishes when the overlap occurs.

3.3 Peakon solutions of two-component system (3)

By a direct calculation, we find the single peakon solutions of (3) with b = 0
take the form of

_ 1 _ 1
u = cre |a[:—|—30102t|7 v = coe |9[:—|—30102t|7 (27)
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where ¢; and ¢y are two arbitrary constants. In general, N-peakon solution is
cast in the following form:

N
Zp] e —|z— ‘J](t ZT] e —|z—q; t)| (28)

Jj=1

Substituting (28) into (3) with b = 0, we are able to obtain the following
N-peakon dynamic system:

N

1
Pit= P ;lpzm (sgn(q; — qr) — sgn(q; — qi)) e 19—l la el
(2

Qi = pﬂ“] Z pirk (1= sgn(q; — gi)sgn(gj — qi)) e W41l
zk 1

rit = —2 Tj Z DiTk (Sgn(QJ _ Qk) _ Sgn(q] _ Qz)) e“‘]j_q}c|_“b’_‘h"_

i,k=1
(29)
For N = 2, we have the following explicit solution of (29):
3(A9D2 A1) _((As—
pl( ) Be 2D%A1 1) [(Ay AQ)H/S7 p2(t) _ ];’
Ay As
ri(t) = , ro(t) = ,
1(£) b1 2(?) Y2
30)
1 3(A2D2 + Al) _ _ (
t)=—_ At Ay — Ag)t](e” 1A =AU/3 _q
at) = -, At + 2D(A; — Ay) sgn[(A; — Az)t](e ),
1 (A2D2 + Al) _ _
t) = —_ Ast + Ay — Ap)t] (e IM=A2)U/3 _
@(t) =~ A 2D(A) — Ay) sgn((A41 — Az)t](e )
where Ay, Ao, B, and D are integration constants. Choosing special
A =1, Ay=4, B=1, D=1
leads to L
([ pi(t) = palt) = e /2,
ri(t) = %2 ny(t) = e,
1 5 31
a(t)=—gt+  san(t)(e”1—1), (31)
4 5
- =t
| @) =— t+  sen(t)(e 1),
which generate the following two-peakon solution of (3):
u(z,t) = e—36“”/2(ef\x+étfg sgn(t)(e1t1=1)] + ef|z+§tfg sgn(t)(e*‘t‘fl)\)
’ : ) ) 3
v(z,t) = e3e_‘t‘/2(e*|z+3t*3 sgn(t)(e” 11 —=1)] | go—la+5t=3 sen(t)(e ‘”*1)\)_
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u(x, 1)

(b)

-20 -1

Fig. 1 (a) Two-peakon solution determined by (18) with ¢; = 1, ¢z = 2. Black line:
t = —4; red line: ¢ = —1; brown line: ¢ = 0 (collision); blue line: ¢ = 1; green line: ¢ = 4.

(b) Peakon-antipeakon solution (24). Pink: peakon (and antipeakon) with peak (and
trough) position ¢z; green: antipeakon (and peakon) with trough (and peak) position ¢i.

Apparently, the two-peakon solution of u(x,t) possesses the same amplitude
e=3¢7""/2 \hich reaches the minimum value at the moment of collision (t=0).

Fig. 2 (a) shows the profile of the two-peakon dynamics for u(z,t). The two-

peakon solution of v(z, t) with the amplitudes e3¢711/2 and 4e37/2 also collides
at t = 0. At this moment, the amplitudes attain the maximum value and the
two-peakon overlaps into one peakon 5¢3/2e~1%! which is much higher than other
moments. See Fig. 2 (b) for a 3-dimensional graph of the two-peakon dynamics
for v(x,t).

(2)

-15  -10 -5 0 5 10 15

Fig. 2 (a) Two-peakon solution u(z,t) in (32). Red line: ¢ = —5; blue line: t = —1;
brown line: ¢ = 0 (collision); green line: ¢ = 1; black line: ¢ = 5.

(b) 3-dimensional graph for two-peakon solution v(z,t) in (32).
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4 Weak kink solutions of systems (4) and (3) in case of b # 0
Let us seek the kink solution of equation (4) in the form of

u = Csgn(x — ct)(e = — 1), (33)

where the wave speed ¢ and the constant C' are to be determined. The first
order partial derivatives of (33) read

Uy = —Ce_‘x_d', up = cCe~lr=ctl, (34)

The second order partial derivatives of (33) do not exist at @ = ct. Therefore,
like the case of peakon solutions, the kink solution in the form of (33) should
also be understood in the distribution sense. (33) is called a weak kink solution
of equation (4). Substituting (33) and (34) into (4) yields

1 —b
c——2b, C'—:I:\/2. (35)

See Fig. 3 (a) for the profile of this weak kink wave solution with b = —2.
Similarly, the two-component system (3) with b # 0 admits the following
weak kink solution:

1 1
u= Clsgn<x+ 5 bt> (e_|m+ébt| —1), wv=Chsgn (w—i— 5 bt> (e_|m+ébt| —1), (36)

where 0102 = —b.

Remark 3 In formula (35), ¢ = —b/2 means that the kink wave speed is
exactly —b/2. This is very different from the single-peakon solution whose wave
speed is usually taken as an arbitrary constant c. The multi-peakon solutions
take the form of superpositions of single-peakon solutions. However, by direct
calculations, we find that the two systems (4) and (3) with b # 0 do not allow
the multi-kink solution in the form of the superpositions of single-kink solutions.

5 Weak kink-peakon interactional solutions of equation (4)
Let us make the following ansatz of solution to equation (4):
u=pi(t)sgn(e — qi(t)) (e MO —1) 4 py(t)e e, (37)

which actually describes a new phenomena of weak kink-peakon interactional
dynamics in soliton theory. Substituting (37) into (4) and integrating in the
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distribution sense, we obtain

P2t = 2pipasgn(qa — ql)eflqrqz\’

1 P
Qe =—, b — 2p1pasgn(ga — g1 )e” |1,

2 gy —
G20 = =5 D3 = Pl +2(p} — prposgn(ae — qr))e” %! + 2sgn(g2 — q1)pipe.
(38)

Let us choose b = —2 and p; = 1. To solve the above system, let us make an
assumption ¢ < g2. After integrating equation (38), we obtain

q1=t—p2+ A1,

1, 1 A,
qut;pg—log 9p2—2p2+1+2 + A1, (39)
Pog = D3~ P34 2p2 + As,

9

where A and A, are integration constants. Letting As = 0, we may solve the
third equation of (39) for py with the following implicit form:

1 9 37 4py — 9
log |pz| =, log <p§ — P2t 9) 7y arctan T T =2t As. (40)
See Fig. 3 (b) for the profile of the weak kink-peakon interactional solution with
A=Ay =A3=0.
u(x, t)

1
@

L

Fig. 3 (a) Weak kink solution given by (33) and (35) at ¢t = 0.
(b) Weak kink-peakon interactional solution.

In general, we may assume the following ansatz of the solution to equation

(4):

u = po(t)sgn(z — go(t)) (e "2 — 1) + ij lema @l (41)
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which can be viewed as the interaction of single weak kink and N-peakon
solutions. Through a very lengthy calculation, we are able to arrive at the
following interactional dynamical system of single weak kink and N-peakon:

.
b

::l: —
Po \/ 9

Gos = P3 +2p0 Y pisgn(qo — gi)e” 0!

N i=1
+ ) pipksen(q; — qe)(sen(gx — qo) — sgn(gi — qo))e %%,
ik=1
Pt = ngpjsgn(qj — qo)e*‘qof‘lﬂ
N
14— 42
+ 2p0p] szsgn(qj — QZ)Sgn(qj — qo)e |a; ‘h" ( )
i=1

1 g
it = 3p§—p3(1—2€ D

N
i k=1

N

—2po Y pilsen(q; — go)(e” 1774l — 1)elamal
i=1

- Sgn(Qj - qi)e*|‘10*qj|*\q¢qu|).

The above system is not presented in the canonical Hamiltonian system. We
still do not know whether this system is integrable for N > 2 under a Poisson
structure.
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