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Abstract

A generalization of the negative Camassa—Holm hierarchy to 2 + 1 dimensions
is presented under the name CHH(2+1). Several hodograph transformations
are applied in order to transform the hierarchy into a system of coupled CBS
(Calogero—Bogoyavlenskii—Schiff) equations in 2 + 1 dimensions that pass the
Painlevé test. A non-isospectral Lax pair for CHH(2+1) is obtained through
the above-mentioned relationship with the CBS spectral problem.

PACS numbers: 02.30.Jr, 02.40.—k, 02.60.—x

1. Introduction

The seminal papers in which the Camassa—Holm equation was described [4, 5] have led to
much work related to equations with peakon solutions. In particular, in [12, 8, 15], the
authors include the Camassa—Holm equation within a wider class of equations with peakons.
The integrability of the Camassa—Holm equation, spectral problem, solutions, etc have been
studied in many papers in the last 10 years (see, for instance, [4, 8, 15]).

The Painlevé test [19] is usually presented as a powerful instrument to check the
integrability of an equation. Nevertheless, in [12] the limitations of the Painlevé test when
applied to Camassa—Holm-like equations are discussed.

The Painlevé property provides not only the basis for the Painlevé test, but also for the
singular manifold method [19]. When an equation passes the Painlevé test, the singular
manifold method can be applied to algorithmically construct the Lax pair [9, 10] and many
other properties of integrable systems such as Darboux transformations, r-functions, etc. The
main problem with Painlevé methods is that the Painlevé property is non-invariant under
changes of independent and/or dependent variables. Often, finding the change of variables
that writes an equation in a form that passes the Painlevé test, is a question of luck or ability.

From the point of view of the spectral problem, the Lax pair for a partial differential
equation is usually found by inspection. Most frequently, a spectral problem is proposed and
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then the equations that satisfy this spectral problem are derived [18, 1, 6]. In contrast, the
singular manifold method has the attractive property that it allows us to start from a given
equation (that passes the Painlevé test) and derive its Lax pair in a very precise way. Our
conjecture is that if an equation is integrable, there must be a transformation that will let us
transform the equation into a new one in which the Painlevé test is successful and the singular
manifold method can be applied to derive the Lax pair.

In [8, 14], hodograph transformations were proposed as useful instruments to transform
peakon equations into equations that pass the Painlevé test. On the basis of this idea, in
section 2, we attempt to study the integrability of an n-component Camassa—Holm hierarchy
in 2+ 1 dimensions (which we will call CHH(2+1)) by means of several hodograph transforma-
tions that map this hierarchy in a system of n coupled CBS (Calogero—Bogoyavlenskii—Schiff
[3, 7]) equations in three independent variables that are different for each CBS component.
This result generalizes those obtained in [14], where reciprocal transformations between the
first component of the CHH(2+1) and CBS are studied.

The CBS equation in three dimensions has been proved to pass the Painlevé test [10]. In
the same reference, the singular manifold method was used to construct the Lax pair, which in
fact is a non-isospectral one [6, 10]. This knowledge of the spectral problem associated with
the CBS equation allows us to devote section 3 to reversing the hodograph transformations
and rewrite the spectral problem in the original variables. Thus, a non-isospectral Lax pair for
the CHH(2+1) hierarchy is obtained. The coincidences and differences between these results
and other spectral problems are discussed at the end of this section.

The conclusions are presented in section 4.

2. Camassa—-Holm hierarchy in 2+1 dimensions

e As is well known [13], the negative Camassa—Holm hierarchy for a field u(x, ) can be

written as
u, = R™"u,, R=JoJ;'" n>1, 2.1)
where n is an integer number that is the order of the hierarchy and Jy, J; are the following
operators:
0
Jo= (-0, Ji = (ud +du), 0= (2.2)
X
For our purpose it is convenient to introduce » functions v; (x, ), ..., v,(x, t) defined as
vy = Joillux = Jovr = uy . 2.3)
v, =Jy Jivior = Jov; = Jiv;_q, j=2,...,n
Equation (2.1) can now be written simply as
ur = Jivy, (24

and hence the negative Camassa—Holm hierarchy can be considered as the n + 1
equations (2.3) and (2.4) inn + 1 fields u, vy, ..., v,.
Obviously, for n = 1, the system (2.3)—(2.4) reduces to

u; = 2u(vy)yx +uyv u = (V)xx — V1, (2.5)

which is the celebrated Camassa—Holm equation [5].
e The positive Camassa—Holm hierarchy [13] would be obtained through

u = R"(0), nzl, (2.6)
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whose n = 1 component is
ur = JoJi” (0);
or equivalently
u; = Jovy Jiv =0 — v = u_l/z,

which is the Dym equation [16] with an extra term (v;), [6, 1].

2.1. Generalization to three dimensions

A simple generalization of (2.3)—(2.4) to three dimensions is as follows:

Uy = JoVi
JoV; = IV, ji=2....n, 2.7
Ul = Jl ‘/na

where U = U(x,t,y), V; = V;(x,t,y).
System (2.7) can also be written as

U, = R"Uy. (2.8)
The equivalent positive hierarchy should be
U, = R"U,, (2.9)

which can be trivially obtained from (2.8) by interchanging ¢ and y. Consequently, in three
dimensions (2.8) contains both the negative and positive hierarchies. One can be obtained
from the other by interchanging the roles of # and y.

It is also necessary to point out that the first component of (2.7) can be written (by simply
putting Vi =m,) as

(at - zmxy - myax)(mxxx —my,) =0

that is a generalization to 2 + 1 dimensions of the Fokas—Fuchssteiner—Camassa—Holm
equation [11] proposed in [6] and analysed in [14].

Reductions

e Itis trivial to see that the negative Camassa—Holm hierarchy (2.1) would be obtained from

(2.8) through the reduction % =2

 ox¢
o If we reduce (2.8) by setting % = (0 we obtain
R"U,=0 =— U,=R"0)

which is the positive hierarchy (2.6) where ¢ has been replaced by y.

Note that (2.8) is formally included in the Dym case of [6]. Nevertheless, the
generalization of the Camassa—Holm hierarchy that the authors construct explicitly in that
work is not (2.9) because it corresponds to n = 1 and U is a field with N components (see
equation (2.16) of this reference). Only the first components of both hierarchies (n = N = 1)
coincide.

Below we shall denote (2.7) by CHH(2+1) and prove through several hodograph
transformations that it can be transformed into a system that passes the Painlevé test.

2.2. First hodograph transformation

If we set
U = P?, (2.10)
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we can write system (2.7) as

Py = (B @10
gfquwqh, i=2,...,n, (2.12)
P = (PV,)s, (2.13)
where we have defined
By = 20 (2.14)
2P

The conservative form of (2.11) and (2.13) allows us, according to [14, 8], to define the
following hodograph transformation:

dX = Pdx + PV, dr + ; dy, Z,=t, Y=y, (2.15)
The partial derivatives are now
ad ad ad ad ad a ad ad
—=P—, —=—+PV,—, —=—+B—. (2.16)
ox X at 307 0X dy Y 0X
The inverses of (2.15) and (2.16) are
dX Bi
dx = — —V,dZ, — —dY, t=12, =Y, 2.17
X P 1 P 1 y ( )
Bl 10 d ad 0 0 0 B 0
— ==, — = —=V,—, — = ————. (2.18)
0X  Pox 0Z, Ot ax Y dy P ox
With this hodograph transformation, system (2.11)—(2.14) becomes
Py = P(B1)x — Pxp (2.19)
Pr_ 2.20
S5 = (V) (2.20)
1
ﬁ({P[P(Vj)X]X}X - (Vpx) =(PV;_Dx., Jj=2,....n (2.21)
1
ﬁ({P[P(Vl)X]X}X —(V)x) = (BDx- (2.22)

Nevertheless, (2.19)—(2.22) is not yet a system in which the Lax pair can be directly derived.
A new set of transformations is needed in order to write (2.19)—(2.22) in a form in which the
singular manifold method could be applied to derive the Lax pair.

2.3. Second hodograph transformation
e Let us take (2.21) for j = n:

1
ﬁ({P[P(Vn)x]x}x — (Vx) = (PVa-1)x,
and by substituting (2.20), the result is

Pxx 1—P2
— +
2P ' 4p?

The form of equation (2.23) suggests that we should introduce a new function H, defined

as
Pyx 1— P2
Hy =22+ , 2.24

X <2P 4p? (2:24)

) =(PV,-Dx- (2.23)
Z
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which allows us to integrate (2.23) as

PV,_1 = Hy,. (2.25)

e On the basis of (2.25), let us introduce Z,, ..., Z,_ new independent variables, such that
equation (2.25) can be extended through the following definition:

PVn,jIHZj, ]=2,,I’l—1 — PVjZHZ,l,jv ]=1,,l’l—2

(2.26)

Note that (2.26) are hodograph transformations between each dependent variable V; and
the corresponding independent variable Z,,_;.
e Taking (2.21) forn — j,

1
ﬁ({P[P(Vn—j)X]X}X — (Vaej)x) = (PV,—j_Dx, j=1,...,n-2,
and by using (2.26)

L)) e

We can use (2.24) to obtain

Pi—1
Pxx =2PHyx + p (2.28)

By substituting (2.28) in (2.27), we have
HXXXZJ- _4HXZJ-HX_2HXXHZ,- :2HXZ ]: 1,...,71—2. (229)

Each of the equations of (2.29) is a CBS equation in the three variables X, Z; and Z ;.
This equation has been studied by different authors (see [7, 3, 6, 10, 14]). This equation
can also be considered as a generalization to 2 + 1 dimensions of the AKNS (Ablowitz,
Kaup, Neweel, Segur) equation. Its Lax pair can be found through the singular manifold
method in [10] and it proves to be non-isospectral [6, 17, 10]. We shall use this result in
the next section.

Jj+1?

2.4. Third hodograph transformation

e By substituting V; = % in (2.22), we have

Hxxxz, , —4Hxz, Hx —2HxxHz,_, = 2(B1)x. (2.30)
We now define a new variable Z, such that
p1=Hz, (2.31)

which is again a hodograph transformation between the dependent variable §; and the
independent one Z,. With this transformation, (2.30) looks exactly like (2.29) for j = n.

HXXXZn,] _4HXZ,,,1HX _ZHXXHZ :ZHXZ,,- (232)
Thus, by combining (2.29) and (2.32), we have the following n — 1 CBS equations:

n—1

Hxxxz, —4Hxz,Hxy —2HxxHz, = 2Hxz,,,, j=1,...,n—1. (2.33)

e Substitution of (2.31) in (2.19) gives us
Py = PHx;, — PxHyz,, (2.34)

whose compatibility with (2.28) yields
Hxxxz, —4Hxz,Hx —2HxxHz, = 2Hyy, (2.35)

which is again a CBS equation in the variables X, Z, and Y.
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2.5. Summary of the transformations

We now summarize the above results.
Let us start with the CHH(2+1) system given by (2.11)—(2.14). This is a system of n

fields Vi, ..., V, and three independent variables: x, ¢ and y. We have made the following
transformations:
(D

dX = Pdx + PV, dt + B; dy, Z)=t, Y =y (2.36)
@)

Pyx =2PHy + Pi—1 (2.37)

Py = PHxz, — PxHyz, (2.38)

Pz, = P*(Vo)x. (2.39)
3)

Hz, , = PVj, j=1...,n—1. (2.40)
(4)

H;, = pi. (2.41)

With these transformations, we obtain the following system:

HXXXZ,v _4HXZjHX_2HXXHZ,- :2HXZ,-+17 ]=1,,}’l—1 (242)
HXXXZ,, — 4HXZ,,HX — 2HXXHZ,, = 2ny. (243)

We have now n CBS equations for just one field H and n + 2 independent variables: X, Y,
Zi, ..., Z,. Itis fairly trivial to check that equations such as (2.42) pass the Painlevé test
[10]. Consequently, the above-described hodograph transformations map the CHH(2+1) to a
new system in which the Painlevé techniques (singular manifold method) can be applied. For
n = 1 this corresponds to the result obtained by Hone in [14].

Note that after the first reciprocal transformation, the system was (2.19)—(2.22) where
obviously P, V; and B are considered as independent fields. The second and third hodograph
transformations

PVjZHZ,,,,'? ]:1,,n—1

B1 = Hgz,
imply that, for any of the » independent fields Vi, ..., V,_; and B;, we define one of the n
variables Zi, ..., Z,, which consequently are as independent as the Vi, ..., V,_, B fields

are. Furthermore, in the appendix we will use the results of [10] to construct solitonic solutions
of (2.42) and (2.43) depending on the n + 2 independent variables: X, Y, Z;, ..., Z,. The
main benefit of the second and third hodograph transformations is that they allow us to write
the equations in a form in which the Lax pair can be algorithmically derived through the
techniques of the singular manifold method.

We should remark that the hodograph transformation (2.36) is not defined for peakons.
Actually, as has been pointed in [8, 15], (2.10) breaks down when U is a Dirac delta function
because the square root of a distribution is not defined.
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3. Integrability and Lax pair for CHH(2+1)

In a recent paper by us [10], the singular manifold method [19] was applied to CBS to derive
its Lax pair. By using these results, the Lax pair for (2.42) is

Yxx = <Hx + %) /2 3.1)

Hxz,

OZEj:_WZjH"')\WZ_;_HijX"' W, ]:1,,1’1—1 (3.2)

For (2.43), the spatial part is exactly the same, but the temporal part is

Hyz,

2

0= E,, = —wy +)Llﬁzn — HZ,,WX + w (33)

Furthermore, the compatibility condition between (3.1) and (3.2) implies that the spectral
problem is non-isospectral because A satisfies

Ax =0, Az, — Mz, =0, (3.4)

Jj+l
Analogously, the compatibility condition between (3.1) and (3.3) yields
Ax =0, Ay —Ahg, =0. (3.5)

Note that (3.1) is independent of the index j. Nevertheless, (3.2) can be considered as a
recursion relation for the derivatives of ¥ with respect to each Z;. This allows us to take the
following combination:

n—1
0=EA"+Y Ejr7
j=1
—n 1—n —n —n HXZ,,
= —A wy + A wzu—)\, HZHI/IX'F)\ Tlﬂ
n—1 HXZ
+ Z [—A‘fwzm + A Yy — AT Hy x4 A Tw] ) (3.6)
It is easy to see that
n—1 n—1
D o B I LA o e Sl A o
j=1 j=1
Therefore, we have
—n « = _jHxz,
0=1y —A wHZ —A T Hz 2T =y (3.7)

j=1
The combination of (3.4) and (3.5) gives us

Ay — M"hz, =0. (3.8)
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3.1. Inverse transformation

We can now come back to the original fields U and V; as well as to the original independent
variables x, t and y. All we need is to perform the change [14]

VX, Z1, ..., Zn, Y) = VPP (x, 1, y). (3.9)
And, according to (2.18), we have
_ bx  Px _ $ur [ Pxx  PX
wX_ﬁ(PJrZP ) 1l””‘_“/ﬁ<1ﬂ+[2p 4P2}¢) (3.10)
P P '
Yz, =vP <¢z — Va + 2—j;¢>> Yy =vVP <¢y - %@ + ﬁzﬁ) :

With these changes, (3.1) becomes

2
¢”+|:%_Qi|¢=<]{x+&>¢.

P2 2P 4p? 2
Or, by using (2.37) and (2.10)
fos = <3+5U> ¢, G.11)
4 2

which is the spatial part of CHH(2+1). The temporal part can be obtained by using (3.10) in
(3.7). The result is

e - Po | sl Py o B
0—[% Vn¢x+2P¢] A [¢y P¢x+2p¢]
. ¢x . Px Hyz,
+j2=1:k J[—HZ/. <F+ﬁ¢)+ > qb].
‘We now need to use (2.38) and (2.39) to obtain
PV, _ PHy; — PxH
0= [qs,— Vi + (2)X¢>] — % "[¢y— ’31¢X+M¢}

P 2P
n—1
i ¢ Px Hxz,
+ AT | —Hz | —+—=¢ |+ —
; [ Zf(P 2p? 2 ¢
¢ Py _,Hxz
—MHz | —=+—=¢|+r"—=
Z,,<P 2P¢ 2 ¢a

which can be simplified to

_ P(V)x n Bi Hz,
0=¢ — Vig + > ¢—2 |:¢y+<_7+7>¢xi|

n—1
i ¢ Py Hxz,
+ A | —Hz | =+=—=¢ |+ Lo |.
JZ:; [ “ < prap?)t 2 Y
By using (2.40) and (2.41), we have:

P(Vi)x
2

n—1
+ Zx—f [_Vn,- (¢x + %qb) + P(anj)x; PV ¢] ,
j=1

0= ¢ — Vot + ¢ — Aind’y
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and simplifying

n—1 n—1
. 1 .
o — A "py— | Vo + E AV | e+ 3 Vo + E AVaoi| ¢ =0. (3.12)
j=1 j=1 N

Furthermore, by applying (2.18) to (3.8), we have the non-isospectral condition
Ay —A"A, =0. (3.13)

In sum, the Lax pair for the hierarchy CHH(2+1) of equations in 2 + 1 variables (2.7) can
be written as

bor— U= 10 (3.14)
27T Ty '
n Ay
G =2"¢y+ Ap, — 7¢, (3.15)
where
n—1
A=AV, Ay — A"h = 0. (3.16)
=0

We have proved in [ 10] the usefulness of the Lax pair (3.1)—(3.2) for solving CBS. Actually,
in [10] we have used the singular manifold method to obtain Darboux transformations for this
Lax pair. These Darboux transformations are the basis for the construction of an iterative and
algorithmic procedure described in [10] that allows us to obtain a rich collection of nontrivial
solutions. The inversion of the hodograph transformations (2.36)—(2.41) provides us the
corresponding solutions for CHH(2+1) and its Lax pair. It will be the subject of future work.

Remarks. Spectral problems similar to (3.10) have been considered in several papers [18, 1,
6, 13, 14]. More precisely,

e this Lax pair is included in the scattering problem presented in equation (1.1) of [6] and it
corresponds to the case that these authors call the Dym case. Nevertheless, CHH(2+1) is
not included in the cases that the authors presented explicitly because the generalization of
the Camassa—Holm hierarchy that they considered corresponds to n = 1 (interchanging ¢
and y) and U expanded as a polynomial of degree N — 1 in A. Only the n = 1 component
of CHH(2+1) is equivalent to equation (2.21) of [6] (the N = 1 case). The Lax pair for
the n = 1 component of the hierarchy appears also in [14].

e The Lax pair considered in [13] for the negative Camassa—Holm hierarchy (2.3)—(2.4) can
be obtained through the reduction % = % Equivalently, the Lax pair presented in the

same reference [13] for the positive Camassa—Holm hierarchy arises from the reduction

2 — (. In our notation, these 1 + 1 Lax pairs are

at
(k1
¢xx—<§u+1>¢

B,
¢ = Bo, — 7¢ (3.17)

n—1
B=)1"+ Z [)fj V,._ j] , for the negative hierarchy,
j=0
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_ A 1
¢xx—<§u+z>¢

and

Cy
P =Com 50 (3.18)
n—1
C=- Z[A"ﬁj Vil for the positive hierarchy.
j=0

e Equation (3.18) corresponds to the N = 1 (interchanging ¢ and y) case of [1] (which
generalizes [18]). Equation (3.17) is not included in this reference because expansions in
negative powers of A were not considered there.

4. Conclusions

Here we have presented an extension of the n-component Camassa—Holm hierarchy to 2+1
dimensions whose n = 1 component is a generalization of the Fokas—Fuchsteiner—Camassa—
Holm equation. Although the Painlevé test cannot be applied to this system, we have found
a set of hodograph transformations that allows us to transform the original CHH(2+1) into
n coupled CBS equations that pass the Painlevé test. This result generalizes [14] for an
n-component hierarchy. The relationship between integrable systems and the Painlevé property
is once again established.

CBS is known to have a non-isospectral Lax pair. This Lax pair was used in section
3 to invert the hodograph transformations in order to obtain a non-isospectral Lax pair for
CHH(2+1). Note that the non-isospectral condition A, = A", depends on the order n of the
hierarchy.

The Lax pairs for the positive and negative 1 + 1 Camassa—Holm hierarchies can be

3

obtained through the reductions 3. = 0 and 3y = i respectively.
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Appendix

There are a lot of solutions of the coupled CBS equations (2.42) and (2.43) that can be
obtained by using the techniques of [10]. The simplest solution can be constructed through
the eigenfunctions of (3.1)—(3.3) with H = 0 and A constant. These eigenfunctions can be
written as

n
¥ = exp kx+wy+w2x<f*"*“zj (A.1)
j=1
where o is a totally arbitrary constant and
2=t
T2

According to [10], it allows us to construct the following singular manifold:

¢~ l+exp | 20kX +oY +0 Yy AU VZ)) (A.2)

J=1



Hodograph transformations for a Camassa—Holm hierarchy in 2 + 1 dimensions 1297

which yields the following one-soliton solution:
phay

¢
A two-soliton solution can be easily written by means of the same techniques as [10] (see
expressions (3.24) and (3.25) of this reference). The result is

Ty
H soliton = _2? (A4)

(A.3)

Hi_soliton = —

where
T =g — Q. (A.5)

¢1 and ¢, are singular manifolds of the form (A.2) corresponding to two different spectral
parameters A; and A, and two different values w; and w, of w.

Q- Wll/fz);x - )I{fl Vo« (A6)
2 — Al
which implies
2 2 ki — ka ? 2.2
T~~~ 1+w1 +'(p2+ m wlwz (A7)
where
Yy =exp | ki X +w Y +w Z)L(lj_"_l)Zj (A.8)
j=1
r=exp | X +mY +0 Y A"z, (A.9)
j=1
and
Al A2
k=", k="
=2 L)
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