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1. Introduction

Inrecent years progress has been made in the study of the problem of classification of bihamiltonian structures of a certain
type; the associated bihamiltonian integrable hierarchies include in particular the well-known Korteweg-de Vries (KdV)
hierarchy, the Camassa-Holm (CH) hierarchy, the Drinfeld-Sokolov hierarchies and so on [1-4]. For a given bihamiltonian
structure defined on the formal loop space of an n-dimensional manifold M, a complete set of its invariants under the so-
called Miura type transformations is obtained in [2,4]. It consists of a flat pencil of metrics defined on the manifold M and n
functions of one variable; these functions are called the central invariants of the bihamiltonian structure. These invariants
enable one to have a better understanding of the bihamiltonian structures and the associated integrable hierarchies. For most
of the well-known bihamiltonian integrable hierarchies including the Drinfeld-Sokolov hierarchies associated to untwisted
affine Lie algebras, the flat pencil of metrics is given by certain Frobenius manifold structures, and the central invariants
are some constants. In particular, for the bihamiltonian structures of the Drinfeld-Sokolov hierarchies associated to the
untwisted affine Lie algebras of A-D-E type, the central invariants are all equal to i if one chooses the invariant bilinear
form of the Lie algebra to be the normalized one [5,3]. This property is one of the most important characteristics of the
integrable hierarchies that arise in 2D topological field theory and Gromov-Witten invariants [6,7,5,1,8-10].

On the other hand, to our knowledge the only known bihamiltonian integrable hierarchies with non-constant central
invariants are special cases of the so-called r-KdV-CH hierarchy (see its definition given in the next section). This hierarchy
is a generalization of the KdV hierarchy parameterized by an ordered set of r + 1 constants » = (ag, a4, .. ., a;). Apart from
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the KdV hierarchy, it contains many other important integrable hierarchies as particular examples, such as the CH hierarchy,
the AKNS hierarchy and the two-component Camassa-Holm (2-CH) hierarchy. In these cases the corresponding parameters
are given by

KdV:r=1,2 = (1,0),
CH:r=1,2=(0,1),
AKNS : r =2, 2 = (1,0, 0),
2-CH:r=2,2 = (0,0, 1).

The central invariants of the bihamiltonian structures of the KdV hierarchy and AKNS hierarchy are constant, while that of
the CH hierarchy and the 2-CH hierarchy are not [11,12,4].

In some cases, bihamiltonian integrable hierarchies with different central invariants are related via certain type of
transformations which change, unlike the Miura type transformations, also the independent variables. Such transformations
are called reciprocal transformations, they are quite important in studying properties of solutions of the related integrable
hierarchies (see [13-19] and references therein). A typical example is given by the relation between the KdV hierarchy and
the CH hierarchy [15], the associated reciprocal transformation provides an efficient way to obtain exact solutions of the CH
hierarchy by using the known solutions of the KdV hierarchy [15,16].

The main purpose of the present paper is to study, via the example of the r-KdV-CH hierarchy, the transformation rule of
Hamiltonian structures under reciprocal transformations. A better understanding of such transformation rules is important
in particular for the study of properties of the class of bihamiltonian integrable systems of Camassa—-Holm type, and for the
study of a generalized classification scheme for integrable hierarchies under reciprocal transformations.

The first step towards the generalization of the KdV hierarchy to the r-KdV-CH hierarchy was made by Martinez Alonso
in [20], where he presented the r-KdV-CH hierarchy with the parameters &> = (1, 0, ..., 0) and proved its integrability by
using the bihamiltonian structure of the hierarchy and the inverse scattering method. Antonowicz and Fordy studied in a
series of important papers (see [21-23] and references therein) the spectral problem associated to the r-KdV-CH hierarchy
with general parameters, they obtained r + 1 Hamiltonian operators associated to the spectral problem and pointed out
that the compatibility of these Hamiltonian operators can be proved by using Fuchssteiner and Fokas’ method of hereditary
symmetry [24]. To fix the notations of the present paper, we first give in Section 2 the explicit formulation of the r-KdV-CH
hierarchy with general parameters # = (ay, ..., a;), and describe its r + 1 Hamiltonian structures including a formula of
the Hamiltonians.

Properties of the bihamiltonian structures of the r-KdV-CH hierarchy were considered in [2], where a formula for the
central invariants of these bihamiltonian structures was given without a proof. In Section 3 we fill the proof for the formula.
We also specify in this section those bihamiltonian structures of the r-KdV-CH hierarchy which are associated to Frobenius
manifolds. Recall that the bihamiltonian structures of the r-KdV-CH hierarchy admit hydrodynamic limits, and under
certain conditions a bihamiltonian structures of hydrodynamic type is associated to the flat pencil of metrics defined on
certain Frobenius manifold [7,25,1]. Here the notion of Frobenius manifold was invented by Dubrovin as a coordinate free
formulation of the WDVV equation which arises in 2D topological field theory [26,27,6,7]. The rich geometry structures of
Frobenius manifolds reveal in a natural way the close relationship between integrable hierarchies and 2D topological field
theory.

Under reciprocal transformations an evolutionary PDE which possesses a local Hamiltonian structure will in general
be transformed to a system with nonlocal Hamiltonian structures. For a Hamiltonian system of hydrodynamic type, such
transformation properties were studied by Ferapontov and Pavlov in [14] where the nonlocal Hamiltonian structure was
obtained from the expressions of the transformed systems. In order to generalize their results to Hamiltonian structures with
dispersive terms such as the ones for the r-KdV-CH hierarchy, we introduce in Section 4 a class of generalized Hamiltonian
structures which includes in particular the type of nonlocal Hamiltonian structures that we are interested in, and we
also give some important properties of such generalized Hamiltonian structures while leaving their proofs to a separate
publication [28]. We then apply these results in Section 5 to the study of properties of the Hamiltonian structures of the
r-KdV-CH hierarchy under certain reciprocal transformations.

We give some concluding remarks in the last section.

2. The r-KdV-CH hierarchy

In this section we recall the definition of the r-KdV-CH hierarchy and their Hamiltonian structures.

Let M be a contractible manifold with local coordinates w?°, ..., w"™', and ¢ be a smooth map from the circle S! = R/Z
toM
0:S'> M, x> @'&),...,wlX).
We denote the derivatives dyw'(x), 32w’ (x), ... by wi, wi, ..., and denote 3*w'(x) = w'k in general. Let A be the poly-

nomial ring

A = C®(M)[e w;, €? wix, L
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There is a natural gradation on 4 given by
degf(w) =0, deg(ewl) =1, deg(e®wl)=2,....

We denote the completion of /4 w.r.t. this gradation by .
By definition, elements of 4 are all formal power series of €, they converge in the formal power series topology. Evolu-
tionary equations that we consider in this paper have the following form in general:

ew =X, i=0,...,r—1 (2.1)

for some X' € s. As a typical example of such generalized evolutionary equations, the Camassa-Holm equation [11,12] can
be written as

ew = (1-€9)'K=) €K e A,
k>0

where K = 2 €3 wy Wy + €3 W Wy — 3 € W wy — k € wy € s, and « is a constant parameter.

Givenr € Nand # = (ag, ay, ..., a;) € (R™")*, Antonowicz and Fordy studied the following system of linear equations
in[23]:
5 A
€ Pulx, 1) = A(w; MP(x, 1), A= i (2.2)
1
e(x, t) = B(w; M)ox(x, t) — EBx(w; Mo (x, t), (2.3)
where
A=w+wh+ - +w A4, (2.4)
G=ay+mr+--+a_A"" T +aAr, (2.5)
and B(w; 1) € A[A, A7']. The compatibility condition of (2.2) and (2.3) reads
&2
A =2ABy+ AB— EBXXX' (2.6)

The isospectral problem (2.2), (2.3) with @ = 1 was first studied by Martinez Alonso [20]. Antonowicz and Fordy gener-
alized it to more general form: when a, = 0, this isospectral problem corresponds to the coupled KdV hierarchy [21]; when
d = a~')", the corresponding hierarchy is the coupled Harry Dym hierarchy [22].

To define the flows, we introduce two generating functions.

b=1+ Zbk A ke A, c=c+ ch A e A,

k>1 k>1
they satisfy
a2 € 2 r
Ab” — ZG(beXX —by) =A"; (2.7)
N 52
Ac? — Z&(chxx —cH=1. (2.8)

According to the definition of +, Eq. (2.7) determines b uniquely, and Eq. (2.8) determines c up to a sign. Note that ¢, satisfies
the following equation

2
€
cgw’ — 2% (2cocom —Cop) = 1, (2.9)
so by assuming that ¢y has the following Taylor expansion:
_1 -
Cp = (wo) 2 4+ kack, Cy € A,degC, =k,
k>1

we can determine c uniquely.
For n € Z we define

A"b),, n>0,
Bn={( )+ >

(A"c)_, n<0, (2.10)
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where ()1 denote the positive or negative part of a Laurent series of A. According to [21,22], the compatibility condition
(2.6) with B = B, yields an evolutionary PDE of w°, ..., w"~! for any n € Z. They can be represented as

R N .~ €%,
A[”:<2A8X+Ax—?aax3>8n, nez. (2.11)

Whenn > 0orn < 0, we call 9;, the n-th positive flow or the |n|-th negative flow respectively, and when n = 0 we have
3t0 == Bx.
Lemma 2.1. Foralln € Z, we have
bi, = By by — bBy . (2.12)
Ct, = Bncx — CBpx. (2.13)

Proof. We only prove Eq. (2.12), the proof of (2.13) is similar.
Let h = by, — By by + b B x, we need to show that h = 0. The derivative of Eq. (2.7) w.r.t. t, implies

2
A b+ <2Ab . % (bo? — bx8x+bxx)> b, =0,
by using Eqs. (2.6) and (2.7), one can obtain

€a 5. 2
]_Zf(b Bx—bbxax—i-bx—bbxx) h=0,

thuswehaveh=0. O
The above lemma shows that
Bn,tm - Bm,tn + Bn Bm,x - Bm Bn.x =0, (2-14)

it implies the commutativity of the flows {0;,}ncz defined in (2.11), so they form an integrable hierarchy which we call the
r-KdV-CH hierarchy associated to # = (ay, ..., a,).
This hierarchy has infinitely many conserved quantities. In fact, by using Eqs. (2.12) and (2.13) we obtain

(6).=(5). ()= ().

So we can define local functionals

)\n
/ <2resx:0?) dx, n>o0,
H, = (2.15)

n — }\'n
—f (Zres,\zo—> dx, n<O0,
c

they are conserved quantities of the r-KdV-CH hierarchy.
The r-KdV-CH hierarchy possesses r + 1 compatible Hamiltonian structures with Hamiltonian operators P,, (m = 0,
1,...,1)[21,22] given by

Pw)" = F Digprom, LJ=0,1,....1 =1,
where D; = 2 w' 8, + w} — %Giaf.and

i 1, k>0,
fn = 1= Siom = Sj-m: 5":{0, k< o.

Here we assume w” = 1and w' = ¢; = Owheni < 0 ori > r. We have the following theorem:

Theorem 2.2. Foranyn € Zandm =0, ..., r, we have
I I L
wy, = s
! L n<0.

™o Swi
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In the description of the multi-Hamiltonian structures of the r-KdV-CH hierarchy given by Antonowicz and Fordy,
the Hamiltonians of the hierarchy are constructed in an implicit way using multi-Hamiltonian recursion relations. We
give briefly a proof that the explicitly defined local functionals (2.15) serve as the Hamiltonians in the multi-Hamiltonian
structures of the hierarchy, as stated in the above theorem. To this end, we need the following lemma:

Lemma 2.3. Let H = ff dx be a local functional, fy, ..., fr—1 € A, then

SH
Swi

=

ifand only if for any X°, ..., X"~! € A there exists © € 4 such that

r—1
a(f) =Y X'fi + d(0),
i=0
where o, is given by Egs. (2.1).
The proof of the lemma is technical, we omit it here.

Proof of Theorem 2.2. Let us first show that the variational derivatives of the functionals H, w.r.t. w' are given by the
formulae

SHn  [bpy1—g—jy, n >0,
Swi 0

neZ,i=0,1,...,r — 1. (2.16)
—Cn-1-i, N <y,

Here we assume by = 1and by = ¢y = 0 when k < 0. The above formulae with n > 0 can be encoded into the following
identity:
8 2 i—r
— | —dx=X1""b. (2.17)
sw'J b

To prove this identity, we only need to prove, due to the above lemma, that for any X' € s there exists ¢ € s such that

1 Atb+
L oy
b),  2a " F

where 9; is given by (2.1) and Ais defined in (2.4). In fact, by the action of 9; on Eq. (2.7) one can obtain

1 1 GZAabab ! A[b A[b—’_
=) ={1——a = — +0y,
b, 4 27 20
€’ X e, “\ (A b
0 = _abib k; 40D oD |

So we proved the formulae (2.16) with n > 0. The proof for the n < 0 case is similar.
Now the theorem follows from the formulae (2.16) and the results of Antonowicz and Fordy representing the r-KdV-CH
flows in terms of the differential polynomials by, ¢, [21,22]. O

where

3. Properties of the bihamiltonian structures

We now consider properties of the bihamiltonian structures given by the r + 1 Hamiltonian structures of the r-KdV-CH
hierarchy. Note that the r-KdV-CH hierarchy is a deformation of certain integrable hierarchy of hydrodynamic type, and the
associated bihamiltonian structures are also deformations of certain semisimple bihamiltonian structures of hydrodynamic
type. We are mainly interested in the following two aspects of these bihamiltonian structures:

1. Are the hydrodynamic limits of the bihamiltonian structures associated to some Frobenius manifolds? As we know
from [7], on the formal loop space of any Frobenius manifold there is defined a natural bihamiltonian structure of
hydrodynamic type.

2. To give a proof of the formulae of the central invariants of these bihamiltonian structures given in [2].
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Let us first recall some notations. We say that a Hamiltonian structure Q defined on the formal loop space of a manifold
M" is of hydrodynamic type if its components have the form

Q' =g'w)d + Y w)wf, ij=0....r—1,

where (g¥(w)) is a symmetric nondegenerate bilinear form on T*M which we will call a metric on M. A bihamiltonian
structure (Qy, Q;) of hydrodynamic type

Qi =glw) o+ I, (wywk, a=1,2 (3.1)
is called semisimple if the roots of the characteristic equation
det(g(w) — Agi1(w)) =0 (3.2)

are not constant and pairwise distinct.
We are to use the following theorem of Ferapontov:

Theorem 3.1 ([29]). Let (Qq, Q) be a semisimple bihamiltonian structure of hydrodynamic type defined on the loop space of
a manifold M", then the roots of the characteristic equation (3.2) form a local coordinate system near every point of M, and the
metrics g1, g» are diagonal in this coordinate system. These coordinates are called the canonical coordinates of the bihamiltonian
structures.

Any two Hamiltonian structures of the r-KdV-CH hierarchy form a bihamiltonian structure By ; = (P, P),0 <k # 1<,
it has hydrodynamic limit

Q) = Plleco = fI 2w % + w1 | a=k,L (3.3)
We will denote the metric associated to Qg by g, as we did in (3.1).
To describe the canonical coordinates of the bihamiltonian structures, we denote by A4, ..., A, the roots of the
polynomial

PO =A"4+w A e wl A+ wf

Assume that Aq, ..., A, are pairwise distinct on M, then P'(A;) #0,i=1,2,...,r,and A, ..., A, can be used as a system
of local coordinates. In [30], Ferapontov and Pavlov showed that in this coordinate system the metrics g, . . ., g- are diagonal
and the diagonal components have the expressions

A Jov)

From this it follows the following proposition.

Proposition 3.2. Forany k,l =0, 1, ..., r and k # I, the bihamiltonian structure (Qx, Q;) is semisimple and has the canonical
coordinates
=00 i=1,...,r. (34)
In the canonical coordinates the associated metrics g, g have the nonzero components
) 20—k-2 ) 31-2k—2
gl = —2(1— k)*= . gl =20-k""1 . i=1,...,r.
‘ P’ (%) ! P’ ()

We are now prepared to consider the relation of the above bihamiltonian structures with Frobenius manifolds. The
notion of Frobenius manifold was introduced by Dubrovin in [6,7], it gives a geometric description of the WDVV equation
of associativity [27,31] that arises in 2D topological field theory. For a given r-dimensional Frobenius manifold M, let

v', ..., V" beits flat coordinates near a point vy € M which is so chosen that ﬁ is the unit vector field. Then the potential
F =F(v', ..., v") as a function of the flat coordinates satisfies the WDVV equation of associativity
0°F tant, det(n;) #0
—————— = p;; = constant, et(n; ,
dvlavigw i

?F o OF  9F , OF
dviavavk | Bulauiow | 9l dwavk | duldviow
ogF = (3 — d)F + quadratic terms in v.

for any fixed indices i, j, 7, j', here (n¥) = ()",

Here E = Zi’:l dvt+17) a%* is the Euler vector field, d;, r; are some constants, and the constant d is called the charge of the
Frobenius manifold.
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On the formal loop space of a Frobenius manifold there is a bihamiltonian structure of hydrodynamic type (P, Qsn), its
components are given by

me =7 8
Q) = &' Wd + L) ol
where
N 93F
g'(v) = Z (dmv +rm)nlk77’lm

k,l,m=1

are the components of the intersection form of the Frobenius manifold, and
ij il J
I, =—g"Iy

is given by the Christoffel symbols of the Levi-Civita connection of the metric (g;) = (g¥)~ ..

If the Frobenius manifold is semisimple, the associated bihamiltonian structure is also semisimple. The following
proposition gives a relation between the above defined bihamiltonian structures of the r-KdV-CH hierarchy with semisimple
Frobenius manifolds.

Proposition 3.3. The semisimple bihamiltonian structures (Qy, Q;) associated to the r-KdV-CH hierarchy is given by the bihamil-
tonian structure (P, Qi) of a semisimple Frobenius manifold if and only if (k,1) = (0, 1) andr =1, 2.

We need the following lemma of Dubrovin to prove the proposition.

Lemma 3.4 ([7]). Let (P, Q) be the bihamiltonian structure associated to a semisimple Frobenius manifold M". Denote by

N 1
gl=—, i=1,...,r
Nii
the diagonal components of the flat metric (n®#) in the canonical coordinates u', . . ., u". Then we must have
L ¥ S T (35)
ow aut

Proof of Proposition 3.3. For the bihamiltonian structure By j, the functions #; read
1 P'(A)
2(1 — k)? )Nf’*"*z'

Ni = —

For i # j we have

o M omy MR Py
oW~ oW AN 2(0—k)3  dx
Note that
P’y =[] — 20
ki

so we obtain
dP’ (A
ﬁ =— [ =0
k#i,j

Thus the derivative % reads

87]1'1‘ )\.1 l+k)"2 2l+k

P ()\1 )Lk)

If the bihamiltonian structure (Qg, Q;) comes from a Frobenius manifold, the equations in (3.5) must hold true, they yield
the conditions

WTToi =m0 =2 [Tos =20, 1<i#j<r. (36)
ks#i,j k#i.j
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When r > 3, Eq. (3.6) cannot be true, since the left hand side depends on A; while the right hand side does not. When
r = 2, Eq. (3.6) becomes
Al ! )Ll =
so we have | = 1. Thus we only have the following four possible cases:

(QUan)(r= 1)7 (Ql7 Qo)(r= 1)! (QUan)(r=2)7 (Q27 Q])(r=2)

It is easy to verify, by using the explicit form of the potentials of the one-dimensional and two-dimensional Frobenius
manifolds given in [7], that only the first and the third ones come from Frobenius manifolds. The first case corresponds
to the Frobenius manifold with potential

13
v
_ W) S
12
The third one corresponds to the Frobenius manifold with potential
(UI)Z UZ

F=-—

1
2 + Z(vz)2 log v?,

where v, v? are flat coordinates of the metric g given by
1 1 2 o 1. 402
v=w, vi=w — —(w)".
4
The proposition is proved. O

Let us proceed to consider the central invariants of the bihamiltonian structures of r-KdV-CH hierarchy. The notion
of central invariants were introduced in [2,4] for deformations of semisimple bihamiltonian structures of hydrodynamic
type. Together with the leading terms, they provide a complete set of invariants of the deformations under Miura type
transformations of the form

we v =Fen, i=0..,1r—1,

where det (d(F e °)> #0.

To explain the meaning of central invariants, assume we have a semisimple bihamiltonian structure (3.1) of hydrody-
namic type. A deformation of (Q1, Q) is a bihamiltonian structure (P;, P;) of the following form

PY = Q) + € [Adw)oZ + B (wyuwl, + Ly (wywh, + Dl (wywfuf]
e [El @)} + S kol +- ]+, a=1.2.

Alemma in [2] shows that one can always find a Miura type transformation eliminating the e-term of (P;, P,), but one can-
not find Miura type transformations to eliminate the e2-term in general. The central invariants are introduced to measure
the failure to find such transformations. Suppose the e-term of (Py, P,) has been eliminated by a Miura type transformation,
we denote by f', E!, E} the diagonal components' under the canonical coordinates u', ..., u" of the tensors g}, E}, E; in
(P1, Py). The i-th central invariants ¢; is defined as

El — uiFl
G(u) = 2721,

3(71)

itis in fact a function of u’ only, i.e. we have 94 —0,i # j. The main result of [4,2] shows that two deformations of (Q1, Q3)
are equivalent via a Miura type transformation if and only if they possess same central invariants. In particular, if all ¢;'s
vanish, then one can find a Miura type transformation eliminating all the deformation terms in (P;, P,), not only the €2-
term. In this sense, we say the central invariants provide a complete set of invariants of the deformations of semisimple
bihamiltonian structures of hydrodynamic type under Miura type transformations.

The central invariants of the bihamiltonian structures By ; were considered in [2], where explicit formulae (see (3.7)
below) to compute these invariants were given. We now give a proof of the formulae.

1 The tensors E;J E;j may not be diagonal under the canonical coordinates in general. In the definition of central invariants, we only use their diagonal
components.
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Theorem 3.5. Let P = (ag, a4, ..., a;) € (R™1)*. Define a polynomial
p(A) =ag+a A+ +a A"

Let By be a bihamiltonian structure of the r-KdV-CH hierarchy associated to 2, then the central invariants of By are given by
the following formulae:

Ai
cl-(u,-):LH, i=1,...,r. (3.7)
24(k — DA,
Here u;, A; are defined in Proposition 3.2.

Proof. We write the Hamiltonian structure P, as

Pn = Qn+ € (Emd; + -+,

where the dots represent terms with lower order in d,. The components of the tensor E, in the coordinates w?, ..., w™™!
read
i 1y
El(w) = _Efm Qitj+1—m-
The diagonal components of the tensor E,, in the coordinates A1, ..., A, have the expressions

EL (M)

1 OA;
- = Z Jw a.kdm k+l+1 maw, = Z(P/()\ ))2 me Akt 41— m

kl 0 k,1=0
mp'(Ai) — mAT T p(hy)
2(P'(A))?

transform them into canonical coordinates u' = )Lf._" we get

. 8ui 2 ..
E;;(u):(a)d.) E;;()\).

Then we can obtain the formula (3.7) by a simple computation. O

According to the main result of [2,4], the above theorem shows that the bihamiltonian structures By ; associated to dif-
ferent &’s are not equivalent under Miura type transformations. In particular, there do not exist Miura type transformations
that convert the CH hierarchy to the KdV hierarchy.

4. Quasi-local Hamiltonian structures and their reciprocal transformations

Reciprocal transformations are certain type of change of the independent variables of a system of PDEs, they are important
in the study of the classification problem of integrable systems. For example, the bihamiltonian structure of the KdV
hierarchy and that of the CH hierarchy are different deformations of a semisimple bihamiltonian structure of hydrodynamic
type, in the sense that they have different central invariants, so there is no Miura type transformation that converts one to
another. However it is well known that there is a reciprocal transformation which relates these two hierarchies. We consider
in this section the transformation rule of Hamiltonian structures under certain reciprocal transformations.

In [14], Ferapontov and Pavlov investigated the reciprocal transformations of local or weakly nonlocal Hamiltonian
operators of hydrodynamic type (cf. [42]). The general form of the Hamiltonian operators they considered are

)7 =gl w)d, + Ll wywk + Y n*PxLa; X, (4.1)
o

where XfX (¢ = 1,...,m)is a family of evolutionary vector fields

X; = V(ia)k(w)w)’:’
and n®? is a constant nondegenerate symmetric matrix. The reciprocal transformations they considered are in general form,
here we only consider ones with the following form

dy = p(w)dx + o (w)dt, ds=dt. (4.2)

Note that a general reciprocal transformation can be represented as compositions of linear reciprocal transformations and
the ones having the form (4.2). One of the main results of [14] shows that a reciprocal transformation of the above form
transforms a local Hamiltonian operator

T = gliw)d, + I (w)w!
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to a weakly nonlocal one
Ji=gw)dy + ) (w)wf + Viw)wkd, " w) + wio,  Viw)wf, (43)

where g¥ and Vk are given by g¥ and p via the formulae
» , . ) 1_. .
g =r%"  Vi=pV'Vip) = V(O Vi(P)5}

Here V is the Levi-Civita connection of the metric (g;) = (g7)~1. This result shows that the space of local Hamiltonian
operators is not a good space to investigate reciprocal transformations.

We observed that the above formula of Ferapontov and Pavlov can be generalized to reciprocal transformations of
general weakly nonlocal Hamiltonian operators (4.1). Moreover, if the Hamiltonian operator J takes the form (4.3), then
the transformed Hamiltonian operator]~ has the same form. So the space of weakly nonlocal Hamiltonian operators of the
form (4.3) is a good one to study reciprocal transformations.

Furthermore, we observe that the Hamiltonian operators of the form (4.3) are in fact local in the following sense. Let ] be
a Hamiltonian operator of the following form

Pi = o35 + X'a wl + wla X, (4.4)
and F, G be two local functionals, then it is easy to obtain the following identities:
{F,G}p = ﬁ 3¢ dx
Sw' Swi
= / ( ‘SF, () ¢ + X! ( (F)—G — ﬁE(G))) (4.5)
Sw! Swi 8

where E is the energy operator

E=Y > (- 1)w”85 15+t—1, (4.6)

s>0 t>1

it satisfies the following identities

8
y sSwi’

Note that E is a local operator (i.e. the value of E(F) only depends on the germ of a chosen density f of the local functional
F),so{ , }pisalso alocal operation. In the expression (4.5) of the Poisson bracket we do not need to use the inverse of 9,
which is a major difficulty in the definition of nonlocal Hamiltonian structures.

We see from the above observations that the Hamiltonian operators of the form (4.4) are interesting objects. They are
similar to local Hamiltonian operators, the only difference is the appearance of an operator E in addition of the operation of
variational derivatives in the definition of a Poisson bracket, and their forms are preserved by reciprocal transformations.
The local Hamiltonian operators and general weakly nonlocal Hamiltonian operators do not have these properties. Due to
the above reason we give the name quasi-local Hamiltonian operators to the Hamiltonian operators of the form (4.4).

In [32,33], Getzler, Kersten, Krasil'shchik and Verbovetsky developed a formulism of local Hamiltonian structures with
the help of super-variables, which is very convenient to compute the Jacobi identities. We find that one can generalize
their construction to quasi-local case, and their reciprocal transformation can be presented by transformations of the super-
variables. We will give the details of these results in a separate publication [28], here in this section we just introduce the
notations and list the main results of [28].

We denote by A, = A/dy the space of local functionals and denote the canonical projection A — A, by f f fdx,
the function f is called a density of the local functional. Define V¥ = Alt? (A, A,) to be the linear space of p-linear alternating
maps from A, to Ay. In particular, we denote V,? = Ay, and Vy = P VE. It is easy to see that every local Hamiltonian

Eod, =0, E=—

- p=0
structure P = P{ 9 corresponds to an element of V2 via the formula

SF SF
P(Fh Fz) = / Swll ;’aja—zdx F],Fz € Ax.

It can be shown [28] that there exists a unique bilinear map
[,1:VEx V] — ’Vf*q”
satisfying the following conditions:
[P, Q] = (=D™[Q, P], (47)

(=P [P, Q1, Rl + (= D™[[Q, R], P] + (=1)"[[R, P], Q] = 0, (4.8)
[P,Fi)(Fa, ..., Fy) = P(Fy, ..., Fp), (4.9)
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foranyP € VP, Q € V{,R e Vf:, Fi,F,, ..., F, € A, This bilinear map is introduced in [34,35] for any vector space, it is
called the Nijenhuis-Richardson bracket (note that there is a sign difference between the definition of the map given here
and the one given in [34,35]).

Let P € V! be a p-linear alternative map, we say that P is a quasi-local p-vector if the actionof Pon Fy, . . . , F, € Ay takes
the following form

P(Fi,...,F,) = / <Q§}.‘f.§§ - 9%18;, (Fy) - - - 0785, (Fp)
j } P A~
+R’t’1.u;l’;‘1 Y (=DEF) 9185, (Fr) - B 09718, (Fp)> dx,
k=1

where qulls'i, R'[lljé :11 € . If the second term in the above expression vanishes, then we call P a local p-vector.

All quasi-local multi-vectors form a subspace of V,, and the Nijenhuis-Richardson bracket can be restricted on this
subspace. We need some preparations to describe this procedure.
First we introduce a family of super-variables 6}, ¢, wherei =0,1,...,r —1,s =0, 1,2, ..., and define

Ay = AQ A*(V), whereV = @ (R6;) ® RE.
i,s
We extend the derivation 8, on + to a derivation on s, by the formula
: d ad - 0 N N
_ i,s+1 s+1 iny — .

8)( = SZ(; <w m + 91' 8915) — (wxe,) 8é‘ : a‘\sx —> ef\)x,
and we define

Ay = Ay/Oyhy. (4.10)

The space Ax (as well as Ax) possesses a natural gradation ?\x = @pzo /Alﬁ which is induced from the gradation of the exte-

rior algebra A*(V). A coset P € A, is called local, if it contains an element that does not depend on ¢. The space of all local
elements of A, is denoted by Ai"“, which is a subspace of A,.
It can be shown [28] that there is an embedding? j : Ay — 7V, defined by

JPY(Fy, ..., F) = Z/(as’g ... asl} () -8?11(F1) . ~-5,-S:(Fp)

k>0
i 1 i P 2 Sp—1
_ _ s _
+ gy 00 (@) - ) (=D EF) & (Fr) - B 87 (Fp)) dx, (4.11)
=1
here 9, = % 3l = B%f 8 = 8;%, and a € Af is a representative of P, i.e. P = [adx,and Fy, ..., F, € Ay Itis easy to

see that the image ofj is just the space of quasi-local multi-vectors, so we also call elements of }\x quasi-local multi-vectors.
From now on, we will identify the space A, and the image of j, and omit the symbol ;.
The restriction of the Nijenhuis-Richardson bracket to Ay C Vy can be represented by the following formula [28]:

_ da 8 p0adB o _1\PF %)
P.Q] _/<80,~8w" D G B RS ) ax (4.12)

where P = [adx € A}, Q = [ Bdx € Al witha € A%, B € A{, and the operator E is given by

A . 0 a 8
_ .t t . -
E= E E (—=1)° (w' a’fawiﬁ“ + 6; 35895“) +9,80i 1.

s>0 t>1

If we restrict the bracket to /Ali"c further, the above formula coincides with Getzler’s [32] and Kersten, Krasil’shchik,
Verbovetsky’s [33] Schouten-Nijenhuis brackets for local multi-vectors. So we also call the bracket (4.12) defined on the
space of quasi-local multi-vectors the Schouten-Nijenhuis bracket.

2 Note that if we do not introduce the super-variable ¢, then the analogue of the map j no longer gives an embedding, it has a one-dimensional kernel
generated by w,6;.
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Definition 4.1. A bivector P € /Axﬁ is called a Poisson bivector if [P, P] = 0. The Poisson bracket
{Fi,E}p =P(F1,F,), Fi,F € A (4.13)
defined by a Poisson bivector via the formula (4.11) is called a quasi-local Hamiltonian structure.

Example 4.2. Let Py = % f aéj 491915 dx be a local bivector, so it corresponds to a skew-symmetric matrix differential operator

() = (@)33).Let X' € A (i=0,...,r — 1), consider a Poisson bivector of the form P = Py + [ X'z6; dx. By definition it
gives the following Poisson bracket:

{F,G}p = P(F,G) / OF 4id¢ + X E(F) 56 _ oF EG) ) ) dx
, = s = -0 —— _— — -
P swi . Swi sw  Swi

8F | i i i i qun 8G
= /w(oﬂ + X0, w4+ wio; ]X’)mdx,

so we obtain a usual weakly nonlocal Hamiltonian structure. In particular, if the operators ¥ of the local bivector Py and X'
have the form
ol = glw)d, + Rlwywt,  X'=viwwl,

then one can easily obtain the conditions satisfied by g¥, Fk" , Xt such that P is a Hamiltonian structure by using the formula
(4.12). These conditions coincide with Ferapontov’s results on the Hamiltonian operators associated with conformally flat
metrics [36].

If a linear space V; is isomorphic to another linear space V,, then there is a canonical isomorphism between Alt*(V7, V;)
and Alt*(V5, V5). We will show in the rest of this section that the reciprocal transformations of Hamiltonian structures like
the one between the KdV hierarchy and the CH hierarchy is just the restriction of an isomorphism of this type.

Let p € - beaninvertible element, it defines a derivation 3, = p~'9, on +. Denote A, = A/3,+ and V, = Alt*(4,, A,).
There is an isomorphism between the space of local functionals A, and A,

Gy Ay — Ay, /deH /p*fdy.
This isomorphism induces an isomorphism @ : V, — V), as follows:
O (P)(F1,Fa, ..., Fy) = & (P (@, 'F1, @5 'Fa, ..., &5 ')

whereP € V! andFy, F,, ..., F, € A,.Itis easy to see that the isomorphism @ preserves the Nijenhuis-Richardson bracket,
we call it the reciprocal transformation w.r.t. p.

To derive the transformation formula of quasi-local multi-vectors under reciprocal transformations, we need to use a
new coordinate system on + defined by

w'=w, @ =0w, s=1,2,.... (4.14)

The map w™* — W' is invertible since p is invertible, thus elements of 4 (as well as Ay) can be written in terms of differ-
ential polynomials in @"*. One can also define the operators 8‘;,. and E on +4 by replacing w and 9, by w and 9y in the original
definitions of the operators 52 and E.

Letf € s and f = p~'f, then the following formulae can be proved [28]:

f Sf A =~ ~
- = - — —0y)° —F , 4.15
i =P 5 §< ) (aw,’s @) (4.15)
-~ . ap -~
Ef) = pE(F) — X;Zwuq(_ax)r <aw"vf+qE(f)>' (4.16)
>0 q>

By using the above formulae, we can write down an explicit formu1a~for~the reciprocal transformations of quasi-local
multi-vectors. To this end, we introduce a new family of super-variables 67, ¢, wherei = 0,1,...,r —1,s=10,1,2, ...,

and define

g@y =4 ®A"(V), whereV = @ (Réf) GBRE.
i,s
We also extend the derivation d, on s to 4, by

; a ~ a =\ 0 A R
— ois+1 +1 D, .
8, = 2 : <wzs s + 65 aéf> - (w)'ﬂl) 5% Ay — Ay,

s>0

and define fly = Ay/ayAy which can also be regarded as a subspace of V.
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Theorem 4.3 ([28]). The reciprocal transformation @ is an isomorphism between the graded Lie algebras Ay and Ay. More pre-
cisely, for a € sy, we have

@ (/oedx) = /p*és(a)dy,

where @ : Ay — Ay is an isomorphism of super-commutative algebras which is defined by

&) =f, forfe,

o s ~ 9p ~
& (65) = (pdy) (p Bi— Y (—pdy) (awﬁs;» :

$>0

. . . p -
b6 =pE = S wt oy (it

t>0 g>1

Example 4.4. We consider an evolutionary PDE: € w! = X', where X' € +. It corresponds to a local vector X = [ X'6; dx.
Let p € A be an invertible element, we can define the reciprocal transformation @ w.r.t. p. By Theorem 4.3, we have

200 = [ (x5~ o312 a.
If p is a conserved density of d;, i.e. if there exists o € 4 such that 9;(p) = 94(o), then
PX) = / (X' — o w)) 6 dy,
so we obtain another evolutionary PDE: w} = X' — o w}, it coincides with the result of the following reciprocal transforma-
tion
dy = pdx + o dt, ds = dt.
Example 4.5. Let o/ = g¥9, + I'w¥ be a local Hamiltonian structure, it corresponds to a local bivector P = 1 [ 6 dx

satisfying [P, P] = 0. Let p be a nowhere zero smooth function on M, so we can define the reciprocal transformation ¢
w.I.t. p. Theorem 4.3 implies

1 ~ ap ~ i i~k ~ ap ~
®(P) = 5/ <p9,» - %;> (gfay + rkfwy) (pej _ m;) dy, (4.17)

which is equivalent to Ferapontov and Pavlov’s transformation formula [36,37,14]. Note that & preserves the Schouten-
Nijenhuis bracket
[@(P), 2(P)] = @([P,P]) =0,
so @ (P) is an quasi-local Hamiltonian structure automatically.
Remark 4.6. One can generalize our approach to include more general weakly nonlocal Hamiltonian structures. In [33],

Kersten, Krasil’shchik, Verbovetsky gave such generalization for some particular examples. However, the problem of defining
Schouten-Nijenhuis bracket among this kind of nonlocal multi-vectors is still open.

5. Reciprocal transformation of the r-KdV-CH hierarchy

The r-KdV-CH hierarchy possesses an interesting reciprocal transformation which was first introduced by Antonow-
icz and Fordy in [22] for the particular case of # = (0,0, ..., 0, «~!). In this section we first generalize their reciprocal
transformation to the general case.

Lemma 5.1. Let w°, w', ..., w"™! be a solution to the r-KdV-CH hierarchy, then the following 1-form
1
w=wydx+ Y opdi=— (dx+2bn dt, —chdtn> (5.1)
n£0 ‘o n>0 n<0

is closed. Here by, ¢, are defined in (2.7), (2.8).

Proof. This is a direct consequence of Lemma 2.1. O
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This lemma shows that for any given solution w®, w', ..., w™™! of the r-KdV-CH hierarchy we can define a set of new
coordinates (y, {Sq}nez) by

dy =dso =0 = wodx + ) _ wpdty, (5.2)
n#0
ds,=dt_,, n#0,neZ. (5.3)

It is called a reciprocal transformation of the r-KdV-CH hierarchy.

Proposition 5.2. Let w°, w!, ..., w"™! be a solution to the r-KdV-CH hierarchy and ¢ be a solution to the linear system of the
associated Lax pair

1
o =Ad, ¢, =Bty — JBsd, nez.

We define
p ¢ 3 2 € 2
¢:ﬁa AZCOA_Z(ZCOCO,XX_CO,X),
B_, 0
B, = ? —w_n, NnFO0,
17 n= 07
then &5, A, Bsatlsfy
~ ~~ ~ ~ ~ 1- -
62‘1’)’}' =Ap, ¢s, = Bntpy — EBn.y(f’, nez. (5.4)

Proof. The reciprocal transformation (5.2), (5.3) implies
0y = 05y = Co Oy, 05, = 0r_, —Cow—_n0x, nF#0.
The proposition is proved by a straightforward computation. O

The above reciprocal transformation is invertible, i.e. we can represent x as a function of (y, {S;}ncz) from the total
differential equation

dx = cody + Z crdsp — Z b_i dsg, dt, =ds_,, n#0,n€Z.

k>0 k<0
Corollary 5.3. Let wi(x,t) i=0,...,r — 1) be a solution to the r-KdV-CH hierarchy associated to = (ag, a1, ..., a,). We
define
i ) i € 2 ~
VT, s) = [co w' — —a; (2o Copx — co,x)] i = a,
4 X—>X(y,S)

then the functions v°(y, s), ..., v"~'(y, s) give a solution to the r-KdV-CH hierarchy associated to $' = (dy, @1, . . . , dy).

The above proposition and its corollary show that the reciprocal transformation converts the n-th positive flow of the r-
KdV-CH hierarchy associated to & = (aq, ay, . .., -1, a;) to the n-th negative flow of the r-KdV-CH hierarchy associated
to ' = (ar, ar_1, ..., a1, Gg).

Now let us consider the transformation rule of the Hamiltonian structures of the r-KdV-CH hierarchy under the reciprocal
transformation. Besides the r + 1 local Hamiltonian structures, the r-KdV-CH hierarchy also has infinitely many nonlocal
Hamiltonian structures [21,22], two of which are quasi-local Hamiltonian structures. Let R = P, - P!, and define P, =

r—1
R¥P., k = 1, 2. The components of P, 1, P, read
ij -1
P!, = Diyjr — D;D; ' D;,

!
P!, = Ditjr1 — D1 D' D — DD Dy + DD D1 D] D

We need to show that P, 1, Pryy € ?&f. Note that

2 —1
-1 € 3 1,4
D =20 — ) a, oy = 5ax + 0(8y),
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where 0(9,) stands for a differential operator, so we have
1 . )
—:Dii);1(>0j = —Ew,’ﬁ;lwﬁ( + O(ax)v

thus Py € ;1)2( (see Example 4.2). Similarly,
DD D 1D,y = wla X+ X' wl +0(3y),
where X' are differential polynomials, so we also have P, , € A2,
The reciprocal transformation (5.2), (5.3) converts the r-KdV-CH hierarchy associated to » = (ayp, a1, . . ., G,—1, a;) to the
r-KdV-CH hierarchy associated to ' = (a,, a;_1, . .., a;, dg). We denote the flows, the Hamiltonians and the Hamiltonian

structures of the r-KdV-CH hierarchy associated to $ and #’ by ew;, = Xy, Hy, P and e, = )N(n, 1:1,1, I~’m respectively. Then
by using the notations introduced in Section 4, we have

DXy) =X_p, N#O0,
and
®(Hy) = —H_;, n#-—1

Here @ is the reciprocal transformation of the space of quasi-local multi-vectors defined by the function p = wy in (5.1).
More precisely, for H = [‘h(w, w’,...)dx € A,,

P(H) = fp‘1h<w, w',.. ) dy,
and for an evolutionary PDE € w! = X', ®(X) is given in Example 4.4.
Now let us consider the following identity which is proved in Theorem 2.2:
Xp = —[Pm,Hp—m], m=0,...,r,n<0,

here [ , ]is the Schouten-Nijenhuis bracket defined by (4.12), and we view the Hamiltonian operator P, as the associated
Poisson bivector, see Example 4.2. Since the reciprocal transformation preserves the Schouten-Nijenhuis bracket, we have

)zn = _[(D(Pm)s _Hn+m—2]» n> 0.
On the other hand, we know by Theorem 2.2 that
Xo = —[—Promi2, —Hnim—2]l. m=2,...,r+2,n>0.
So from the above two expressions of X, we can formulate the following conjecture:

Conjecture 54. Form=0,1,...,r 4+ 1,r 4+ 2, we have
@ (Py) = _INDrJerm-

It seems to us that the trouble in proving the Conjecture 5.4, if it holds true, lies on the fact that the reciprocal transfor-
mation is defined in terms of co which does not have an explicit expression. In this paper, we only prove the coincidence of

the leading terms of @ (P,,) with that of —Py5_p.
The leading terms P! of P, (m =0, 1, ..., r + 1,1 + 2) read

(P = £ (2w, 4w om=0,1,...,r— 1,7,
o

(P2 =2 (w7 — whud) o (w7 — wud) 4wl

(PI)T = 2079, + UF — vioT w] — wio 'V,

where
Ul = w1 i) — i i,
o1 1 1 i
V= Ew;_l + Ew'w;_l + Zwr_lw;.

Proposition 5.5. Form=0,1,...,r 4+ 1,r 4+ 2, we have

510
o (P = —P, .

Proof. In the dispersionless case, the reciprocal transformation (5.1) takes the form
dy = o dx+ ) ol d,
n#0

where w1[10] = wple=o. In particular, a)([)oj = Vo, By applying the formula (4.17), the proposition is proved by a straightfor-
ward computation. O
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6. Conclusion

In this paper, we investigate the reciprocal transformations of the multi-Hamiltonian structures of the r-KdV-CH
hierarchy. We first give an explicit expression of the Hamiltonians for the multi-Hamiltonian structures of the r-KdV-CH
hierarchy, specify those bihamiltonian structures of the hierarchy which are associated to certain Frobenius manifolds
and prove the formulae for the central invariants of the bihamiltonian structures. Then we introduce the space of quasi-
local multi-vectors, define the Schouten-Nijenhuis bracket and reciprocal transformations on this space. By using these
techniques, we give in a natural way the transformation formulae of the Hamiltonian structures of the r-KdV-CH hierarchy
under the reciprocal transformation of the hierarchy, and prove the formulae at the level of its dispersionless limit.

The problem of how to find solutions to the r-KdV-CH hierarchy is still open for a general parameter set $. When
P = (1,0) and £ = (1,0, 0), the associated hierarchies are the well-known KdV and AKNS hierarchy respectively, the
integration schemes of these hierarchies of evolutionary PDEs are well studied. Note that these two hierarchies are also the
only particular cases among the general r-KdV-CH hierarchies that possess bihamiltonian structures of topological type.?
So we may imagine that the rich properties of these two integrable hierarchies are due to their close relations to topolog-
ical field theory. This fact may also give an explanation on why some well-known integration schemes suitable for these
two hierarchies cannot be applied to the r-KdV-CH hierarchy associated to a general parameter set. When # = (0, 1) and
P = (0,0, 1), we obtain the CH and 2-CH hierarchy respectively. We can find solutions of these two hierarchies via cer-
tain reciprocal transformations, since they are transformed to the KdV and the AKNS hierarchy after such transformations
[13,15,16]. However, we do not know how to find exact solutions for the general r-KdV-CH hierarchy.

We can regard the r-KdV-CH hierarchy as an energy dependent generalization of the KdV hierarchy. It is natural to ask:
Whether one can perform similar generalizations to other integrable hierarchies that possess Lax pair representations? For exam-
ple, the x-part of the Lax pair for the Gelfand-Dickey hierarchy reads

(O Fup 1N+ ugdy+ (o — M) =0,

if we replace it by

r n—1 r
((Z aj A") AR (Z wi,kx') af) ¢ =0, (6.1)
i=0 k=0 i=0

where @;’s are some constants, can we obtain some interesting integrable systems? In [38], Antonowicz, Fordy and Liu con-
sidered the n = 2 case. Their results show that the n = 2 case is quite different from the n = 1 case, strong restriction needs
to be imposed on the form of the operator (6.1) in order to obtain integrable hierarchies.

Moreover, note that the Gelfand-Dickey hierarchy is the Drinfeld-Sokolov hierarchy associated to the affine Lie algebra

A,(ll) and the fixed vertex cy of the Dynkin diagram, so can we formulate a similar question for the Drinfeld-Sokolov hierarchy
associated to general (g, cx)?

We have the following two examples of such a generalization.

Recently the Degasperis—Procesi equation draws much attentions [39], it has the form

me+3muy+myu=0, M=1U-— Ug.
Its Lax pair reads
A¢xxx_k¢x+m¢ =0,

2\
¢t+)‘-¢xx+u¢x_<ux+?)¢zo.

The x-part has exactly the form of (6.1). It is well known that after a reciprocal transformation the Degasperis-Procesi equa-
tion is transformed to the first negative flow of the Kaup-Kupershmidt hierarchy, which is the Drinfeld-Sokolov hierarchy

associated to (A;Z), c1). So we canregard the Degasperis-Procesi equation as a particular case of an energy dependent gener-
alization of the Drinfeld-Sokolov hierarchy associated to the affine Lie algebra A§2) and its vertex cy, just like the relationship
between the Camassa-Holm equation and the r-KdV-CH hierarchies.

The second example is the Sawada-Kotera hierarchy [40], which is the Drinfeld-Sokolov hierarchy associated to (A(z) , Co)-
There is also areciprocal transformation that transforms the first negative flow of this hierarchy to the Novikov equation [41]

Me+3muty+mu? =0, mM=u— lUy.

The Lax pair of the Novikov equation given in [41] is of matrix form, which is equivalent to a scalar form similar to (6.1). So
the Novikov equation can also be viewed as a particular case of an energy dependent generalization of the Drinfeld-Sokolov

hierarchy associated to the affine Lie algebra A;z) and the vertex cq of its associated Dynkin diagram.
These examples support a positive answer to the above questions; we hope to return to them in subsequent publications.

3 we say a semisimple bihamiltonian structure is of topological type, if its leading term is associated to a Frobenius manifold, and its central invariants
are equal to a single constant.
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