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SOLUTIONS OF A CAMASSA-HOLM HIERARCHY IN 241
DIMENSIONS

P. G. Estévez* and J. Pradal

We consider solutions of a generalization of the Camassa—Holm hierarchy to 2+1 dimensions that include,

in particular, the well-known multipeakon solutions for the celebrated Camassa—Holm equation.
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1. Introduction

In 1993, Camassa and Holm found a completely integrable dispersive shallow-water equation, namely,

up + 2kUy — Ugpt + 3Uly — 2UpUpy + UlUggr = 0, (1.1)

where wu is the fluid velocity in the x direction and k is a constant related to the critical shallow-water wave
speed [1]. The limit & = 0 was given special attention in [2] because of its mathematical interest; in the
search for solutions of the form u(z,t) = U(z — ct) (U is a function that vanishes at infinity with its first
and second derivatives), it was found that

U = ce 7=t 4 O(klog k). (1.2)

The form of traveling-wave solution (1.2) led Camassa and Holm to make the well-known solution ansatz
for solutions with N interacting peaks of the Camassa—Holm (CH) equation.

Thereafter, much attention was given to peakon solutions. For instance, in 1994, Alber, Camassa,
Holm, and Marsden investigated the geometry of peaked solitons for the general CH equation, i.e., Eq. (1.1),
without assuming k& = 0 [3]. The existence of a Liouville transformation mapping the CH spectral problem
to the string problem was used by Beals, Sattinger, and Szmigielski in 1999 to present a closed form of the
multipeakon solutions using a theorem of Stieltjes on continuous fractions [4]. The same authors investigated
the relation between the multipeakons and the classical moment problem [5]. In 2000, Constantin and
Strauss studied the stability of peakons [6], and Lenells studied the stability of periodic peakons [7] and
presented a variational proof of it [8].

Later, in 2003, Degasperis, Holm, and Hone investigated an integrable equation with peakon solu-
tions [9]. This equation, as the authors said, is similar to the CH shallow-water equation in form and was
obtained by the method of asymptotic integrability. In its dispersionless form, it was written as

Ut — Uzt + 4uur = 3uzurr + Ulgyy, (13)
and it was proved that the single peakon
u(x,t) = ce”1#=ell (1.4)
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is a solution. The authors also considered the family of equations

Ut — Ugzt + (0 + Dutty = Dugtpy + Ulgey (1.5)

for the real parameter b [10], including both the CH equation (b = 2) and (1.3) (b = 3) as special cases. It
turned out that all equations in the family have multipeakon solutions and satisfy a dynamical system that
takes the Hamiltonian form only in the case b = 2. Hone and Wang isolated the peakon equations via the
Wahlquist-Estabrook prolongation algebra method [11]. In [12], it was shown that the CH spectral problem
gives two different integrable hierarchies of nonlinear evolution equations: one is of a negative-order CH
hierarchy and the other is of a positive-order CH hierarchy. Moreover, it was seen that the celebrated CH
equation is included in the negative-order CH hierarchy while the Dym-type equation is included in the
positive-order CH hierarchy. Many papers deal with solutions of the CH hierarchy, for instance, [13].

In Sec. 2, we consider a generalization of the CH hierarchy to 2+1 dimensions [14], [15]. Following the
lead of Camassa and Holm, we make an ansatz for the existence of certain multipeakon solutions in the
different equations of the hierarchy and present the resulting dynamical system. This is naturally a PDE
system, and the equations appearing are hence of different types: a set of equations involving derivatives
with respect to the variable y, another set giving the recursive relations, and finally the evolution equations.
In Sec. 3, we present examples of the dynamical systems in some particular cases. Finally, we list conclusions
in Sec. 4.

2. The negative Camassa—Holm hierarchy in 241 dimensions
Consider the well-known negative Camassa—Holm hierarchy (NCHH) [12] for a field u(z, ), i.e.,
u = R "uy, R=JoJ; 1, (2.1)

where the hierarchy order n is an integer and Jy and J; are the operators

0
Jo=0°-0, J1 = ud + Ju, 0= —. (2.2)
Oz
Introducing n functions vy (x,t),...,v,(x,t) as in [15],
v = nguz = Jov1 = Uy,
(2.3)
Vi =J071J1U1€,1 =  Jovp = J1vk_1, k=2,...,n,
we can write Eq. (2.1) as
up = Jivp, (2.4)

and can therefore consider the NCHH the n+1 Egs. (2.3) and (2.4) in n+1 fields u, vy, ..., vp.
Obviously, system (2.3), (2.4) reduces to the well-known CH equation for n =1 [1].

2.1. Generalization to three dimensions. As was shown in [15], a simple generalization of sys-
tem (2.3), (2.4) to three dimensions is the system

Uy = JoVi,
JOVk :lekfla ]€22,...,TL7 (25)
U= LV,
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where U = U(z,t,y) and V; = V(«,t,y), which can be written as

U, = R"U, (2.6)

and denoted by CHH(2+1). It is trivial to see that NCHH (2.1) is obtained from (2.6) by the reduction
0/0y = 9/0x.

2.2. Solutions of NCHH(2+1). We now make the ansatz for NCCH(2+1),

N
x y, ZAk) y’ ‘z ql(y t)|) ZBf)(y7 t)e_|1:_q1’(y’t)‘, l{: = 172)' "7n7 (2'7)
i=1
where A})(y,t) =0,Vi=1,2,...,N, ie,
N
Vi(z,y,t) = Z Bil)(y, t)eflfﬂffh(yi)‘ (2.8)
i=1
is a multipeakon solution, and according to (2.5), U is
U(z,y,t) = —22% Y. 1)0(z — qi(y, ). (2.9)

Therefore, as in the CH equation, the peaks in V; are delta functions in U.

Substituting (2.7) and (2.9) in (2.5) yields the explicit formulation of the resulting system. We separate
the three different sets of equations that appear in it: first, 2/NV equations involving derivatives with respect
to the variable y; second, the recursive relations; third, the evolution equations. We have the following;:

first,

Ovily,t) _
Oy ’
(2.10)
9qi(y, 1 :
%(y,t)ia( ) _ _p! Dy, t), i=1,2,...,N;
Y
second,
Z% y, 1) A5 (y, t)em =0 bl
- Z% y, ) By (y, 0)e 710010 sgn (g, (y, 1) — g5(y, 1)),
(2.11)

Z% (. )A; (g, £) (712D =1 EDT 1) sen(gi(y, 1) — g;(, 1)) +

+Z% (y, ) BE VD (y, t)e lewD-aiwDl | p =2 n i=1,2,...,N;
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third,

N
Nily,t) ) S AD (y, )l w0l
at - 71 y?
j=1
N
— iy, )Y BY (y t)e” 100100 sgn(q;(y, 1) — q;(y. 1)),
j=1
(2.12)
N
94i(yt) _ ZA")( (e la W6 WO _ 1) sen(qi(y, t) — q;(y, 1)) —
8t - J y7 g qi ya q] y7
j=1
N
=3 BY(y, e lewOmuwnl = 2 N
j=1
3. Examples in 241 dimensions
3.1. The case n =1 and N = 1. We now consider the system
Uy - (m)rrr - (Vl)za
(3.1)
U =2U0(V1)s + U V1,
which corresponds to the choice n = 1 in hierarchy (2.5). For N =1, i.e., for
Vi(z,y,t) = ply, t)e” = maw0l,
(3.2)
U(Qf, Y, t) = _27(ya t)5(a: - q(yv t))a
we obtain
Y, 1) =0,
9q(y,t) _ _ (9q(y,t) (3:3)
ot 70 ay ’

ie., q(y,t) = F(y + vot), and therefore

8q(y7 t) e—|r—q(y,t)\
ot ’ (3.4)
U(Qf, Y, t) = _2705(33 - q(yv t))

Vl(xayvt) ==

We note that if ¢(y,t) has the form ¢(y,t) = y + 7ot, then a peakon solution of this system is given by

‘/l(xa Y, t) = Pyoei‘wiyim)tla
(3.5)
U(z,y,t) = —2v0(x — y — ot).

3.2. The case n = 1 and N = 2: Two-soliton dynamics. We consider system (3.1) and take

Vi@, y,t) = pa(y, t)e” w0l 4 py(y, t)elom a0l

U(QJ, Y, t) =—2m (yv t)5(213 -4 (yv t)) - 272(yv t)5($ - q2(y7 t))

(3.6)
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Substituting these functions in (3.1) gives the dynamical system for the two-soliton case, from which we

find that v; and 7, are independent of y. Setting
F(t) = pa(y, t)e! @D~ sgn(q) (y,1) — g2(y, 1)),

G(t) = pi(y, t)e! @Il son(gy(y, 1) — q1(y, 1)),

we obtain

log () = - / F(tydt,  loga(t) = — / G(t) dt.

and therefore

Uly,t) = —2e I O A5 — g (y, 1)) — 2e7 T GO 52 — go(y, 1)),

where

g1 (y. t D420y, t
Onlv.t) _ _ rrwan, @y 02WD _ rema,, )

y dy
dq1(y, t , _
qla(f ):—pl(y,t)—pg(y,t)e () e w0,
0 ,t _ _
q28(i/ ):—pl(y,t)e D=0 WDl _ py(y, t).

3.3. The case n = 2 and N = 1. For the system

Uy = Vi)aze — (Vi)a,
(V2)aaz — (V2)o = 2U(V1)a + U V1,
Up =2U(Va)z + Us V2,

taking V1 and U as in (3.2) and

Va(w,y, 1) = AP (4,6)0" (e 71000 4 BY (g, t)e a0,

we obtain

Nt _, 9wt _ p1)

dy Y(y,t)’
Ay, t)y=0,  BY(y.t) =y, )y, 1),

8(](8yta t) _ _'y(y, t)p(ya t)’

and therefore
7(y, t) = const = 7o,

0 t
Vie,y,t) = —o 2280 o fa-atwo

07(%

_ 941 o—q)

‘/Q(Q:ayvt) - 8t € ?
U(z,y,t) = —2706(z — q(y, 1)),

a0 =32,
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where q(y,t) = F(y + ~3t). We note that if q(y,t) = y + 3t in this case, then a solution of this system is

Vi(z,y,t) = —~pae~ 1Tyt
Va(z,y,t) = —delomv 0t (3.16)
Ulz,y,t) = —2v0(x — y — yat),

and both the variables V; and V5 therefore have peakon solutions.

4. Conclusions

We have considered a generalization of the CH hierarchy to 2+1 dimensions and have studied certain
solutions. Our main results are as follows:

1. We found the dynamical system and separated the different sets of equations involved in it:
equations with derivatives with respect to the spatial variable y, the recursive relations, and the
evolution equations.

2. We analyzed the resulting dynamical system in some particular cases and proved that peakon
solutions exist.
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