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Abstract. We consider the energy dependent Schrodinger operator

N
IL= Y Ai(e;0*+u;), which we have previously shown to be associated with
i=0

multi-Hamiltonian structures [2]. In this paper we use an unusual form of the
Lax approach to derive by a single construction the time evolutions of the
eigenfunctions of IL, the associated Hamiltonian operators and the Hamil-
tonian functionals. We then generalise the well known factorisation of
standard Lax operators to the case of energy-dependent operators. The simple
product of linear factors is replaced by a A-dependent quadratic form. We thus
generalise the resulting construction of Miura maps and modified equations.
We show that for some of our systems there exists a sequence of N such
modifications, the r® modification possessing (N—r+1) Hamiltonian
structures.

1. Introduction

In a number of recent papers [1-4] we discussed the two generalised Schrédinger
equations:

N—-1
L11p5< Y ii(si(?2+u,-)>tp=/1"’1p, (1.1a)

0
N
Lyy= <82+ Zui/li>1p=a21p, (1.1b)
1

where a is a constant. We have shown that the isospectral flows of each of these
spectral problems possess (N + 1) compatible Hamiltonian structures B, ..., By.
When N =1 these spectral problems give rise respectively to the KdV and Harry
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Dym hierarchies, both bi-Hamiltonian. When N =2, (1.1a) includes the dispersive
water waves (DWW) and Ito hierarchies, both tri-Hamiltonian.

In the present paper we consider the Miura maps and modified equations
associated with these spectral problems. In fact, we construct a sequence of N
Miura maps and modifications for the N component system. The r'* modification
possesses (N —r+ 1) compatible Hamiltonian structures. The single Hamiltonian
structure of the N'* modification is a constant coefficient, first order differential
operator.

Our method of construction is an extension of the factorisation of differential
operators [5-8]. To incorporate the spectral parameter we need to introduce a
quadratic form in place of the pair of linear factors required for the simple KdV
case. To each quadratic form there corresponds a different map. We exhibit one
particular sequence of N quadratic forms, defined by matrices 4,, which enable
each of our Hamiltonian structures to be (separately) brought to constant
coefficient, first order form. When ¢, =0, the corresponding maps are invertible, so
are just a change of co-ordinates. When ¢, +0, the maps are non-invertible and of
Hamiltonian type, thus qualifying as genuine (sec [8] and the definition below)
Miura maps. Indeed, under the action of the Miura map M, associated with A4,, the
pre-images B,, ..., By of B,,...,By are locally defined in terms of the modified
variables, B, being constant coefficient and first order. When r=N only By, given
by (3.9b), is locally defined. The mapping M can be decomposed into a sequence
of Nmaps M% (k= N, ..., 1), relating the k" and (k — 1)™ modifications. We are thus
led to the beautiful picture of Fig. 1.

For the remainder of this introduction we present some of the basic facts
concerning Hamiltonian structures and Miura maps. Section 2 is concerned with
the Hamiltonian formulation of the isospectral flows of (1.1). We add some proofs
and bring some hindsight to these results. More importantly, we adopt here a -
completely different approach from that of [2]. In the present paper we start with
the spectral problem (2.1a) and in one construction derive the time evolutions of the
eigenfunctions of (2.1a), the associated Hamiltonian operators and the Hamil-
tonians. We employ an unusual form of the Lax approach, which leads to a
surprisingly simple and elegant derivation of our results. Miura maps and
modifications are introduced in Sect. 3. The results are so simple to present that we
give the general formulae. As examples we have chosen the DWW equations and a
2-component extension of the Harry Dym equation. Since both of these are tri-
Hamiltonian they each possess 2 modifications. Our second modification of the
DWW equations is genuinely different from both of Kupershmidt’s [9], in that
there is no invertible transformation of co-ordinates connecting them.

Hamiltonian Property

In this paper we are concerned with systems of NLEEs [in (1 + 1)-dimensions]
which can be written in Hamiltonian form u,=Bd#, where B is a Hamiltonian
operator and 6 the variational derivative of functional # (all defined below).
In the context of analysis and physics one would then deal with constants of
motion and Poisson brackets in their integral form, respectively:

H=[#dx, {KH}=[6XBsAdx, (1.2)
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which would involve particular boundary conditions on the functions uy(x). To
avoid any such considerations it is customary to work within the framework of
differential algebras. We briefly present a few of the basic facts below. For detailed
discussions of the Hamiltonian theory of NLEEs, see [10-12].

Let A, be the (differential) algebra of differential functions of
u=(ugy,...,uy_,)", that is the associative algebra of functions of u, and (a finite

. . . . 0
number of) their x-derivatives, together with the derivation 0: 4,—A4,, 0= e (the

total x-derivative). The algebra of differential operators on AY=4,x...x 4,
(N-times) will be denoted by AN[8]. A skew-adjoint operator Be AY[0] (B = —B,
where BT is the formal adjoint of B) is Hamiltonian iff the (Poisson) bracket {,}5:
A, x A,~ A,

{G,H};=6GBSH (1.3)
satisfies the Jacobi identity (modImd). The Euler operator §:4,—AY,
8=(0ps...,0n- )7, 0;= Si—, will sometimes be written as J,, to distinguish it from its
counterpart §,: A,—AY on the algebra of differential functions in the modified
variables v;.

Remark. For two Hamiltonians to Poisson commute with respect to (1.3) means
that the right-hand side of (1.3) is an exact derivative. In the analytic context the
right-hand side is a boundary term which can only be “thrown away” with an
appropriate choice of boundary condition.

For any H e A, and Be AY[0] the formula d ju=BJH defines an evolutionary
(meaning that [0,04]=0) derivation 04 of A, When B is Hamiltonian the
commutativity of g and 9 is equivalent to {G, H}z=0(mod Imd).

Since Keré=Ima, 6:4,—~AY is essentially defined on the quotient space
/,=A,/Imd, and the Poisson bracket {G,H} and evolutionary derivative dy
depend only upon the equivalence classes 4, 5# € o7, of G, H € 4,. We will usually
write % instead of 0y, when describing the Hamiltonian flow:

u,=Bo#, (1.4

where t is the corresponding evolution parameter.
A system of evolution equations is said to be bi-Hamiltonian if there exist two
Hamiltonian operators B, and B, and two Hamiltonians ¢ and 4 such that

u,=B,6%=B,0# . (1.5)

It is particularly interesting if the operator B, + B, is also Hamiltonian, in which
case B, and B, are said to be compatible (in general the sum of the Poisson
brackets would fail to satisfy the Jacobi identity). The importance of compatibility
is that it enables us (under certain conditions) to construct an infinite hierarchy of
(Poisson commuting) Hamiltonians. This important condition was first noticed by
Magri [13]. To clarify this we introduce a definition:

Definition. A differential operator D: AY — AY is said to be degenerate if there is a
nonzero differential operator D: AY — AY such that D-D=0.
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With this definition in hand it is now possible to state a useful lemma (see [11]
for a proof).

Lemma. If B, and B, are compatible Hamiltonian operators, with B, non-
degenerate, and

B,0%=B,5#, B,5#=BK, (1.6)

then there exists a function A such that K=06X".
To prove the existence of an infinite hierarchy of Hamiltonians, £, related to

compatible Hamiltonian operators B, B;, we need to check that three conditions
hold:

(i) B, is non-degenerate.
(ii) 3 an infinite sequence of vector functions K, K, ... satisfying B, K, =B(K,, . ;.
(iii) 3 two function(al)s #;, and #, s.t. K, =04, K, =04,.

It then follows from the lemma that there exist function(al)s s, such that
K,=0#,Vn=0.

Remark. Condition (ii) is not always easy to check, although it is for our systems.
Indeed, it may not even be satisfied, as shown by an example of Kupershmidt [14].

For this construction, it is of no advantage for a system to be more than bi-
Hamiltonian. However, the existence of multi-Hamiltonian structures does lead to
a rich supply of (multi-)Hamiltonian modifications.

“A Remarkable Explicit Nonlinear Transformation”
Miura presented his famous transformation 20 years ago [15]. He showed that if:
u=—v,—v* (1.7a)
and v satisfies the MKdV equation:
0, =Dy — 6070, (1.7b)
then u satisfies the KdV equation
U=+ 6uu,. (1.7¢)

At the same time Miura et al. [16] used (Gardner’s generalisation of) this to prove
the existence of an infinite number of conservation laws for both the KdV and
MKV equations and to derive the linear Schrodinger equation (1.1a) (with N =1).
It was later noticed that (1.7a) could be used to construct the second Hamiltonian
structure of the KdV equation out of the single Hamiltonian structure of the
MKAdV equation. This is the property of most interest for this paper.

Equation (1.7b) can be written in Hamiltonian form

v,=(—6)5—5j§, 9?”=%(v,%+v“). (1.8a)

From the Miura map (1.7a) we have
u,=(—0—20)v,=(—0—20)(—0)5,#. (1.8b)
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If we denote (1.7a) by u= M[v], the operator (—d —2v) is the Fréchet derivative M’
of M. Using the formula §,# =(M")'6,#, where #[u] is defined by #[v]
= o M[v], we find

U= M'(—3)(M')1 6, # . (1.8¢)

When M is given by (1.7a), Eq. (1.8c) can be written in terms of u and its derivatives
to give the local equation (1.7c). However, for an arbitrary differential mapping
u= M[v] this process would take us out of the differential algebra setting, since:

(i) there would not generally be a (locally defined) functional #[u] satisfying
HoM=5.
(i) the differential operator M'(—0)(M’)' e A,[0] would not be an element of
A,[0] since its coefficients would not be locally defined in terms of u and its
derivatives.

It is a remarkable fact that neither of these problems arise for the mapping (1.7a),
since taking # =3 u? we have

# o M= 402 +0*) +(Gv%),=H#(mod Im0) (1.8d)
and
M'(—0)(M')' =83 +4(— v, — 1) 0+ 2(— v, —200,)
=0+4ud+2u, e AJ0]. (1.8¢)

The Hamiltonian nature of the third order differential operator (1.8¢) follows from
that of (—0) through the formula M’'(—0)(M’)". Then (1.8c) is a Hamiltonian
description of the KdV equation (1.7¢).

Remark. The operator (1.8e) is the second Hamiltonian structure of the bi-
Hamiltonian KdV equation. This construction gives no information regarding the
existence of a first Hamiltonian structure.

In a more general algebraic setting, let u=(u,, ..., uy_ ;)" and v=(0v,, ..., vy _ ;)"
be the (respectively) unmodified and modified variables. Then

Definition. The mapping u=M[v], Me A", is a Miura map for Hamiltonian
operator Be AY[4] if:

(i) M is not invertible
(i) B=MBOM), <10 € AV[0].

This definition is adopted from [8].

Remark. The problem concerning the locally defined functional #[u] does not
arise here since we use the map M to “push forward” Hamiltonian operator B and
“pull back” arbitrary functionals #[u]. This “pull back” is, of course, not
surjective.

Remark. The Hamiltonian nature of the operator B follows from that of B
provided Miura map u= M[v] is nondegenerate (see [8, 10] for a more detailed
discussion of this). It is often the case that B is of much simpler form than B, thus
giving a simple proof of the Hamiltonian nature of B. This is the case in example
(1.8¢c) above.
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Factorisation of Differential Operators

The relationship of Miura maps to the factorisation of differential operators is
discussed in [5-8]. The map (1.7a) can be obtained from the Schrédinger operator

L=0+u (1.9a)
through the identification:
L=(0+v)(0—v). (1.9p)

The spectral problem Ly, = Ay, for the KdV equation can be used to define that
for the MKdV equation:

(@—=v)p;=Ap,, (O+v)P,=p;. (1.9¢)

This notion is easily extended to higher order Lax operators [6]. In [8]
Kupershmidt and Wilson proved that the map obtained through the factorisation
of the general Lax operator (but independent of spectral parameter) is genuinely
Miura by their criteria.

In Sect. 3 we generalise this construction to the case of the spectral dependent
Schrédinger operators (1.1a, b).

2. The Spectral Problem
In this paper we consider a fairly general second order scalar spectral problem:
Ly=(0*+u)p=0, (2.1a)

where ¢ and u depend polynomially upon the spectral parameter A:
N . N .
e=Yegh, u=Yuh (2.1b)
0 0

with ¢; being constant and u; functions of x.
We look for time evolutions of the wave function y of the form:

v, =Pp=GPi+Q)y, (2.1¢)

where P and Q are functions of u; and their x-derivatives, and of the spectral
parameter 4. A simple calculation leads to

L,—[P,IL]=u,+¢Q,,— 5 Pu,+ % &P, +40,)0+¢P,0>. (2.2a)

Evidently, we cannot expect the usual Lax equation to hold. However, the
integrability conditions of (2.1a, ¢) imply that (IL, — [P, IL])yp =0 for eigenfunctions
of (2.1a). To match the coefficient of 6> we must take:

L,~[P,L]=PL. (2.2b)

This further implies that P, +4Q, =0, so that (2.2b) takes the remarkably simple
form:

u=(Ge0®+1(wo+0ou)P=JP. (2.20)



Factorisation of Energy Dependent Schrodinger Operators 471
Remark. On the phase space defined by just one function u, the operator J, defined
by (2.2¢) is Hamiltonian, being (when ¢ = 1) just the second Hamiltonian structure
of the KdV equation. The operator J is the basic unit out of which all our

Hamiltonian operators are built.
With ¢ and u defined by (2.1b), the operator J takes the form:

N
J=Y J ¥, (2.3a)
k=0
where
Jo=%6.0+ 3,0+ 0uy). (2.3b)
Equation (2.2c) then takes the form
N N
Y Muy= ( > J ki")P. (2.3c)
k=0 k=0
Substituting a polynomial expansion for P:
P= Y P, _,J* (2.4a)
k=0

we find the recursion relations for the coefficients P,,_, and the equations of
motion for u;:

JOPk‘N+J1Pk—N+1+"'+JNPk=0’ k=0,...,m—1 (2.4b)
uN,m =J0Pm—N+ ................ +JNPm
UN— 11, = JoPm-n+1t+... +Iy- 1Py (2:4¢)
uOtm = JOPm

We prove below that, whenever ¢y=0, (2.4b) can be algebraically solved
recursively for Py, ..., P, _,, starting with P,eKerJ,. However, without further
restriction, P,, is undetermined. There are just 2 cases:

Case 1. uy constant. Take uy= —1
Then, the first of equations (2.4c) takes the form (2.4b) with k=m. The remaining
equations of (2.4c) are the equations of motion for ug,...,uy_:

L.‘o 0 . J 0 Ppon+i

: = . (2.5a)

uN——-l tm JO ......... JN—l Pm

We refer to this as the (generalised) KdV case. The operator Jy= —0 is constant
coefficient.

Case 2. uy non-constant
P, is unconstrained. We may thus set P,,=0. The last of (2.4c) then implies
u,=—a*, a constant. The remaining equations of (2.4c) are the equations of
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motion for uy, ..., uy:
Uy 0 Jo P,._n
= ' (2.5b)
) T I P Te il P,
We refer to this as the (generalised) Harry Dym case. The operator
Jo=1%600°—a?d is constant coefficient.

It is a remarkable fact that the scalar recursion relation (2.4b) can be written as
an N x N matrix equation in exactly N different ways:

B,Pc" V=B _.P® n=1,..,N, (2.6a)

where P®=(P,_y.,...,P)T and the matrix differential operators B, are
determined by the following requirement: B, is skew adjoint and the n™ row of
each matrix equation (2.6a) is just (2.4b), the remaining ones being identities.
Explicitly, B, are:

B, - (2.6b)

and satisfy the formal relation B,,=RB,,; 1» Where

0 ...... 0 _‘JoJ;1

1 0| —JJ5!

R=B,B;!= (2.6¢)

0 1| —Jy J5!
Our next step is to prove 3 basic facts:

1. The operators B, are each Hamiltonian and, furthermore, are mutually
compatible.

2. For each m>0, the recursion relation (2.4b) can be successively solved for all
polynomial expansions (2.4a) subject to the condition ey =0.

3. The vectors P® given by (2.6a) are variational derivatives of a sequence of
function(al)s #, (the Hamiltonians).

Then it follows from (2.6a) that the equations of motion (2.5) can be written in
Hamiltonian form in (N + 1) distinct ways:

Il,m=BN5%m= oo =B05‘Wm+N' (2.7)
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The Operators B,

The algebraic form of the operators B,, is so simple that (1) can be shown by direct
calculation. We omit the details here, preferring to give an independent proof of the
Hamiltonian character of the operators (2.6b), based on the existence of Miura
maps, in Sect. 3.

The Recursion
The sequence of equations (2.4b) can be used to recursively define P, in terms of
differential functions of u; if, for each k,

N-1

Y JiPy_n+i€ImJy. (2.8)
i=0

Rather than check this at each step we prefer to use a different method. We prove
that there exists a formal infinite series solution:

P - io P (2.92)
of the equation JZ =0, i.e. ”
1e? o uP +5u,P?=0 (2.10a)
with P, being differential functions of u,, ..., uy. Then:
P=(A"#),, mz0, (2.9b)

where (), means only terms with non-negative (for the KdV case) or positive (for
the Harry Dym case) powers of 4, is of the form (2.4a) and gives us a solution of
(2.4b).

Equation (2.10a), when multiplied by £, can be integrated to give:

uP? +eA PP, — L) =C()), (2.10b)

where C(4) is a A-dependent constant of integration. With u and ¢ given by (2.1b),
ey=0, we set C(4)=CAY and sequentially calculate P,. The first two terms are

I /C 1 1 1 P2,
Py= u_N, P1=m<_uN-1PO_§8N—1POxx+ ZSN—1P—(;>- (2.10¢)

Since the leading term in the coefficients of AN ~"is 2P, P, we can always solve for P,
in terms of previously calculated (differential) expressions in uy, ..., uy.

In the following discussion we concentrate on the (generalized) KdV choice, so
that uy= —1, and (2.10c), with C= —4, gives us

Py=2,P, =uy_,. (2.10d)
Variational Derivatives

To establish the Hamiltonian character of the corresponding flows (2.5a) we must
prove that P®, defined by (2.6a), are variational derivatives of some functionals
I

PO —5,. 2.112)
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From (2.10d) it follows that P®=§#,, PV =4, with
”0=2uN_1, %1=2uN_2+%u§_1- (2.11b)

Formula (2.11a) thus follows from (2.6a) and the lemma of the introduction.
We summarise these results as follows:

Theorem. There exists an infinite sequence of isospectral flows of (2.1a) which can
be represented as the integrability conditions (2.2) of (2.1a) and (2.1c) with P defined
by (2.9). These equations are Hamiltonian with respect to the (N +1) mutually
compatible Hamiltonian operators (2.6):

w, =By_,04,,, [=0,..,.N,m=0,1,.... (2.12)

All the flows (2.12) commute.

A-Expansion of the Riccati Equation

In the paper [2] we used an alternative method of generating an infinite sequence
of Hamiltonians for the isospectral flows of the energy dependent Schrodinger
spectral problem (2.1). A formal power series solution:

y= X n (2.13)
of the Riccati equation
ey +y?)+u=0 (2.14)

associated with the linear problem (2.1) through y= %, &%=, gives us an infinite

sequence of conserved quantities y, (half of which are trivial). To prove that the
resulting (nontrivial) Hamiltonians 5%, are compatible with the multi-Hamiltonian
ladder

Bn5%¢=Bn—15%c+l (215)
we consider Eq. (2.14) as defining a change of variables u= F[y]= —é&(y, + y?). The

usual transformation properties of variational derivatives give

P 5
— (FN\t
5= 5 (2.16a)

Acting on y we obtain
oP,—2yP)=1, (2.16b)

where 2 = g—i— Differentiating (2.16b) twice and making use of (2.14) we arrive at

)
Eq. (2.10a). Since # = -::—zdiffers from 5 5 only by a factor of 1" this proves that the
variational derivatives of Hamiltonians obtained from the Riccati equation (2.14)
satisfy (2.10a). Thus the Hamiltonians %, themselves satisfy (2.15). The advantage
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of using the Riccati equation (2.14) and the expansion (2.13) instead of (2.10a) and
(2.9b), respectively, is that we end up with Hamiltonians rather than just their
variational derivatives thus rendering the lemma of Sect. 1 superfluous.

Remark. The apparent inconsistency of power series expansions (2.13) in the
powers of £ and (2.9a) in the powers of 1= &2 is resolved by the fact that half of y,
are trivial so that the corresponding variational derivatives vanish. Thus we are
effectively left with a power series expansion in the powers of £2= 1 only.

Inverse Hierarchy

In [2] we discussed the inverse hierarchy which exist whenever ¢,=0. This
corresponds to having P polynomial in 4~ ! rather than in A. However, in the more
general context of this paper the inverse hierarchy can be related to the previously
discussed direct hierarchy by a simple transformation.
Dividing (2.1a) by A" we obtain
N

Y A N0 +u)p=0. (2.17a)

i=0

With A—A7 Y, u;>uy_;, &;—€y_; (2.17a) is transformed into
N
Y 20 +u)p=0, 2.17b)
<0

which is identical to (2.1a). Thus the direct Harry Dym type hierarchies are
transformed by the above substitutions into inverse KdV type ones. The condition
&, =0 translates (after the above transformation) into ¢y =0 and thus implies the
existence of the inverse hierarchy.

3. Factorisation of Spectral Dependent Operators

In this section we construct Miura maps which relate isospectral flows of (2.1) to
their modifications. To achieve this we generalise the factorisation approach
described in the introduction. However, it is not enough to just choose v to be
polynomial in / in order to obtain u as a polynomial. We replace the factorisation
(1.9b) by a quadratic form. The N modifications mentioned in the introduction
arise from a sequence of N such quadratic forms. To achieve unity between the N
component KdV and Harry Dym cases we once again work with (N+1)
components to begin with, but later specialise to each of these two cases.

Basic Formulae

We denote the modified variables by v=(v,, ..., vy)".
Define

ly=0o,0 + vy, o constants, k=0,...,N,

I=(ly, ..., 1y). (3.1)
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Let A be any constant, A-dependent, (N +1) x (N + 1) matrix, and use this to
define a A-dependent second order differential operator by the quadratic from
1A(—1"), the A-dependence being derived purely from that of 4. Equating this to
our operator IL of (2.1) gives rise to a map between functions v; and u;. Different
choices of A give rise to different maps.

The following quantities occur frequently below:

Define
n//;cn= _akvnx_anvkx_zvkvn > (32)
and
1. ... At ]
L 0
A1 0
A= , r=0,...,N+1. (3.3)
0 {1'
0 .
| P LI

Making use of the formula LI} + I} = — 20,0,,0> — ¥;, one can easily see that
the identification:

L=I4,(-1" 3.4
gives rise to the equations:
k
&= Y O, k=0,...,r—1, (3.5a)
i=0
N-k
8k= Z 0(k+i0(N_i, k=r,...,N, (3.5b)
i=0
1 &
uk=“z ﬁk—i’ k=0,...,r—1, (3.63)
2i<o "
{N-k
uk=§ Z %‘Fi,N‘i’ k=r,...,N. (3.6b)
i=0

Remark. Theformulae (3.5) are not a priori consistent. For instance, for r > 1, there
is no choice of o, which would give e, =0, ¢, =1. Thus, Ito’s equation is ruled out of
consideration here. Such inconsistencies are, however, exceptional.

When these formulae are consistent, Egs. (3.6) define a differential mapping
from v, to u;, sometimes invertible, sometimes not. We are particularly interested in
the latter, since these define genuine Miura maps (in the sense of the restrictive
definition given by Kupershmidt and Wilson [8], and in the introduction). The
importance of these maps (both invertible and Miura) is in their action upon
Hamiltonian operators. We must, therefore, reduce to one of our N-component
systems before proceeding.
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Generalised KdV Systems

Here we have ey =0, uy = — 1. The formulae (3.5), (3.6) corresponding to Ay, do
not admit this reduction, so we must restrict attention to A, ..., 4y. We must have
ay=0 and vy=+1 (we choose vy= —1). Thus, [y=—1, ¥yn= —2, ¥y =20, SO
that (3.5b), (3.6b) reduce to

N—-k—1
&= O+ N — i k=r,....,N—1, (3.5¢)
i=1
{N-k-1
uk=20k+§ Z ,Vii+i,N—i’ k=r,...,N'—1, (3.6C)
i=1

and (3.6¢) defines an invertible map between v, ...,vy_; and u,, ..., uy_, [subject
to the consistency of (3.5¢)]. In particular when r=0 the map (v,,...,05_,)
—(ug, ..., Uy_,) is invertible.

Generalised Harry Dym Systems

Here we have ¢y =0, u,= —a? (constant). The formulae corresponding to 4, do
not admit this reduction, so we must restrict attention to 4, ..., Ay, ;. We must
have ay=0, vo=ta (we choose vo=—a). Thus [,=a,0—a and (3.5b), (3.6a)
reduce to

N—-k—1

&= .221 O+ i0N ~ ;5 k=r,...,N—1, (3.5d)

k-1
uk=—a0vkx+2avk+% Vik-o k=1,...,r—1. (3.6d)
i=1
We will present our results in the context of the generalised KdV reduction.
Most of our formulae can, however, be used in both cases. We shall point out the
differences where they occur, and present a Harry Dym type example.
Subject only to the consistency of (3.5a, c) we have the following important
proposition.

Proposition 1. Under the change of variables u=M,[v] defined by (3.6a,c), the
Hamiltonian operator B, e AN[0], given by (2.6b), is the image:

B.=M ;ﬁr(M ;')T’u =M,[v("] (3.7a)
of the constant, first order Hamiltonian operator B, e AN[d]:
F 0 o 4
0
1 -0 0
B = 3 (3.7b)
0 0
0
L 0 0]

where the diagonal blocks are respectively r x r and (N —r) x (N —r).
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We will sometimes denote by v the modified variables corresponding to the
map u=M,[v"].

Proof. The Fréchet derivative of the mapping M, is given by

M0 0
0
My g ... m,
M, = , (3.82)
My eon.. m,
| 0 my |
where
my=—o,0—2v,, k=0,...,N (3.8b)
(giving my=2 when ay=0, vy= —1). To obtain (3.7a) we use
m, om} +m, om} = — 2(0,00,03 + 73,0 +074,) . (3.8¢)

The formulae (3.6a,c) then give the result.

Remark. The analogous proposition holds in the Harry Dym case. The only
change is that (3.6b,d) defines now the (r—1)® mapping u=M,_,[v]. This
corresponds to the fact that we must now consider the set 4, ..., 4y, (instead of
A, ..., Ay) as defining the factorisation (3.4b).

Remark. Using (3.8c) one can easily check that the factorisation (3.4) has its
counterpart on the level of the third order operator J: J=m(—%0) Am*, where
m=(my, ..., my). The factorisation of J seems to be, in fact, more fundamental for
our purposes than that of IL. It survives the super extension of the energy
dependent Schrodinger operator discussed in [17].

We already have seen that since ¢y =0, the map (3.6b) between v,, ..., vy_, and
U, ..., uy_ takes the invertible form (3.6c). Similarly when ¢, =0, the map (3.6a)
becomes invertible:

k—1

U= — 20U — Vo + 3 .; Viv-i» k=0,...,r—1, (3.6¢)

so that the whole map u= M,[v]isinvertible foreachr=0, ..., N. In thiscase oy, =0
and my= —2v,, so that M, is easily inverted.

We now concentrate on the case &, +0, so that the map (3.6a,c) is a genuine
Miura map (for r> 0). For clarity, we choose the most interesting case [2] of g, =1,
g=0fori=1.

Miura Maps

Let ay=1, ;=0 for i=1, so that e, =1, ¢;=0 for i=1. In this case the formulae
(3.5a,¢) with r >0 are always consistent. However, the map M, defined by (3.6¢) is



Factorisation of Energy Dependent Schrodinger Operators 479

still valid even though Egs. (3.5¢) are sometimes inconsistent for =0 [see remark
following (3.15)]. The map u= M,[v], corresponding to A, is invertible, whilst
those corresponding to all other 4,(r>0) are genuine Miura maps. In fact, (3.6b)
defines an invertible map whilst (3.6a) is the genuine Miura part. Thus the upper
block of A, is the important part when discussing genuine Miura maps. We
therefore consider the map M corresponding to Ay. In this case the Miura map
u=M,[v] is given purely by (3.6a). The Fréchet derivative (3.8a) is then:

""o‘ 0
My=| . . (3.9a)
My o
with my= —0—2v,, m;= —2v,, i=1, and the constant coefficient operator
0 —¢
§N=% ' (3.9b)
—50 0

is mapped onto By of (2.6b). It is easy to see that the pre-image of B,, for r <N, is
non-local.

The Miura map u= My[v"'] can be decomposed into N primitive ones. Define
a sequence of maps u® = M&* [u** V] by:

W), O =u*V for %k (3.10a)

M =

u}c’"=1
2i=o

where %g;) is given by (3.2) but with v; replaced by u®. We can write u=u®
=M y[u™M]=M,[vV] as the composition of these maps:

u@ =M [uM]=M} o M3o...o MN[u™].

The Fréchet derivative My is thus the product of N Fréchet derivatives:
My=(My) x ... x (MYY,

1. i
0 0
-,
(MEY =| my_,.... mq (3.10b)
1
0 "
i 1]

with m,_,,...,m, on the k™ row. It is a very simple calculation to see that the
product of these matrices is just (3.9a).

Remark. Each of these maps is non-invertible.
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Non-Degeneracy

It was remarked in the introduction that whenever a Miura map M is non-
degenerate (injective), then the Hamiltonian nature of the operator

B=M'B(M')'|,= )

follows from that of the operator B. To check the non-degeneracy of a Miura map
it is enough to check that its Fréchet derivative is formally invertible (as a matrix).
In our case it is an easy matter to explicitly write down the inverses of (3.9a) and
(3.10b) in terms of m, and m; *, thus proving the non-degeneracy of M and M¥%.
The same is true of all the other Miura maps discussed in this paper. It is thus
possible to deduce the existence of a sequence of Hamiltonian operators for each of
our modifications, as described below.
Starting with BY =B, of (3.9b) define BY e AN.[d] inductively by:

B’I‘V—l =(M,I(V)/ B’I(‘I((Mllc\l)’)Tlu(k'1)=M’,§[u(k)]a k=Na EERE) 1. (3'100)

B} is just our original By of (2.6b).

Direct calculation shows that, as indicated by the notation, each BY is locally
defined in terms of the variables u®. Thus, each of the maps M is a genuine,
Hamiltonian Miura map.

Let MW =M} o M%o ... o M%. Explicitly, this has the form

1 k
uO=3 ¥ U k=0,..r—1, (3.11a)
ul® =y, k=r,...,N—1. (3.11b)

The choice of A corresponding to the map M® is:

E Jr1 7
.‘. O
Aot 0
AV = 0 ... 04| (3.11c)
0 ;
0 ...... 0 !
| 7 )LNJ

Formula (3.11a) is identical to (3.6a). Since (3.11b) is the identity map and (3.6c¢)
is invertible, M and M, differ only by the invertible map:

U =v, k=0,...,r—1,
o (3.12)

1N-k—-1
W=ty T Hw-n  k=roo N1
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Thus, there exists an operator B, e 4}»[0] such that (M®) B{(M®))!|y0 = perpuery
=B?=B,. The operators B! and B, [given by (3.7b)] differ only through the
invertible map (3.12). Explicitly:

B= . (3.13)
—Jr+1 e _.']N

L —J N‘. 0
In fact, we have more.

Proposition 2.  There exist local Hamiltonian operators B}, such that
(M®Y B(M®))' =B =B, for k=r,...,N. These constitute (N —r+ 1) compatible
Hamiltonian structures for the r™ modification. The sequence of modified Hamil-
tonians is defined by H; = H, o M and the r'™ modified hierarchy is written as:

ul =By 6# 0, k=0,..,N—r,n=0,1,.... (3.14)

We can represent these modifications and their Hamiltonian structures
schematically as follows:

M1 M2 M7 Mr+1 MN
llEll(O) u ll(l) LE X ll(r) ~ . N U(N)EV(N)
By=B% «— Bl ......... B, BY
_RO 1
B,=B° «— B! ......... — B
B,=B)
Fig. 1

Remark. If we wish to study the r™ modified hierarchy it is more convenient to
transform each of the Hamiltonian structures B, ..., B} into the equivalent set
B, ..., B}, obtained by the action of the invertible map (3.12). In these co-ordinates,
B is just B, of (3.7b), so that the lowest Hamiltonian structure is constant and first
order.

Hamiltonian Property of the Operators B,

The Miura maps and invertible transformations described above give us an easy
proof that those differential operators B, which are related to the constant
coefficient operators B, are Hamiltonian. Unfortunately, this does not apply to all
the operators B, (with an arbitrary choice of ¢) since Egs. (3.5a, b) may not have any
solutions. It is easily seen, however, that when &,¢y 30 the problem of inconsis-
tency does not arise and (3.5a, b) can be solved for o, ..., oy, whatever choice of
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&4, ..-5Ex—1- Thus the (non-invertible) map

1
=5 Y Vik—i> k=0,...,r—1,
i=0
S (3.15)
ukz—‘xNka+2vk+§ .;1 YVivin-i» k=r .., N—1,

which differs from (3.6a,c) only by the terms involving o,= \/&#0, is a
Hamiltonian Miura map transforming the constant coefficient Hamiltonian
operator B, into B,. This gives us a proof that all the operators B, with g,ey %0 are
indeed Hamiltonian, and this property survives the limit ¢, —0 and/or ¢y —0, even
though the map (3.15) itself becomes, in general, singular. Thus, whatever the
choice of ¢, the operators B, are all Hamiltonian.

Remark. In [2] we noticed that in the particular case when just one ¢, say ¢, is
different from zero, B, can be transformed (by an invertible change of variables)
into a constant coefficient form. In the present set up such a transformation is
provided by (3.6a, ¢) or (3.15) with all the o, (including «,) equal to zero. That choice
of o leads to e =0 rather than to ¢ =¢,4". However, B, does not depend on ¢,, so that
this transformation is still valid for the one operator B,, even though it cannot be
used with any of the others. This simple quadratic map is the inverse of the
complicated transformation constructed out of Hamiltonians in [2].

Modified Spectral Problem

Generalising the derivation of (1.9¢c) we can use the factorisation (3.4) to obtain the
spectral problem corresponding to each of our modifications (3.11). The first
modification uses 4 [given by (3.11c)] which leads to:

@+uP) (@ —uP)p; + (AP + ... + A8 Y, =Ny, . (3.16a)

Defining y, by:
O—ug")p, =1y, (3.16b)
we find:

@+u)yp, =(—uD— ... — N2y 4 ANy (3.16¢)

Equations (3.16b,c) constitute a 2 x2 matrix spectral problem for the first
modification. The spectral problems for the remaining modifications are obtained
from this one in succession by a series of substitutions and gauge transformations.
This is illustrated by the example given below.

Example: Dispersive Water Waves. We illustrate the above construction on the
simplest nontrivial example, N=2. The resulting DWW hierarchy is tri-
Hamiltonian, the Hamiltonian operators being

B — —tu0—3Lou, 0 B — 103 +Ltug0+3ou, O
0 0 o) ! 0 ’
(3.17)
B — 0 203 +1ug0+ 3 du,
27 \40% +Lugd+4du, Su,0+ 3 0uy
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The first nontrivial flow u,, =B, (#, =2uy+ Su?) is
Uor, = 5 Uixen + 3 Uilhox T Uolh 1 x5 (3.18)
Upe, =Uox+3 Uyl
The Miura maps u= M1[w], w=M2[v] (we denote u"’ by w here) are given by:
Ug=—Wor— W5, U =W, (3.19a)
Wo =10y, Wy=—0y,—2000; . (3.19b)
Their superposition u=M,[v]= M} M3[v] is
Ug= —UVgy—V5, U3=—0;,—2Uo0;. (3.19¢)

To compare the above Miura maps with those introduced by Kupershmidt in [9]
we perform an invertible change of variables

q=uo+3ud—Suy,=F [ug,u,], (3.20)
r=u, =Faluo u].

The map (3.20) transforms the Hamiltonian operators (3.17) into B, = F'B (F")f|
n=0,1,2, given by

a2
]_30=<0 6>’ 1_31:1( qo+0q 0 +r6>’

q,r

a 0 2\ +0*+or 20 621)
g - 1(—0)(a0+09)+(q0+0q)(r+0) (r—0)*0+2(q0+0q) '
274 A(r+0)* +2(q0 + dq) 2(ro+or)
The flow (3.18), when written in the new coordinates (3.20), reads
=1(—q,+2qr),,
e, =3(—qx+2qr) 622
re, =3 +2g+7%),,
which is just the standard form of DWW equation.
Superposition of the Miura map (3.19a) with (3.20), giving:
q=_w0x~%w1x‘W%+%W%a (323)
r= Wl 5

is easily seen to be equivalent to Kupershmidt’s first modification of DWW
hierarchy [9]. The second Miura map (3.19b), however, is not equivalent to either
of Kupershmidt’s second modifications. The corresponding modified DWW
hierarchy is given by:
v, =BloA72, (3.24)
where #?[v]=#, o M,[v]. The first nontrivial flow is
vOt1 = (% Vixx =+ %UIDOx - vgvl)x >

(3.25a)

— 2_ 1
Vg, = (Vo — VoV —Z 01Uy )x -
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An invertible change of variables:
ho=vo+ 3015 hy=0y, (3.25b)
brings (3.25a) into a more symmetric form:
oty = (hho+ (s = ) hox— S hihye— 4t bl $ Ry = hiB).,
hu, = (=3 byt o )~ HhT)— hohi), . (3:25¢)

The spectral problem for the first modification (3.19a) is given by (3.16), which, in
this case, takes the form:

Vi) _ [ Wo y) ><W1>
(Wz)x </1—w1 —wo)\y,) (3.26a)

Writing (3.26a) in the variables (v, v,) [using (3.19b)] and gauge transforming with
T= ( ! (1)> we obtain the spectral problem for the second modification:

—p,
¢1> _ (uo+,1u1 p )<¢1>
(¢2 M=) —vo—dv, J\ey)" (3.26b)

Example: 2-Component Harry Dym System [4]. This corresponds to the Harry
Dym type reduction of the N =2, ¢=1, Schrodinger linear problem (2.1). The 3
Hamiltonian operators of the hierarchy are given by:

<—%u16—%6u1 —$u,0—%0u,
B0= 1 1 B
‘—zuza_zauz 0

(3.27)
B — +03—a?%0 0 B — 0 10°—a?0
= 0 _%uza—%auz ’ 2 %63—026 %ula+%au1 ’
The factorisation (3.4) with
1 A A2
As=|2 22 0 (3.28a)
20 0
gives us the Miura map u=M,[v]:
Uy =—0v,,+2av,,
o ! (3.28b)

Uy = —0,,+2av, —v?,

relating B, to the constant coefficient operator B,. The map (3.28b) can be
decomposed as follows:

Uy=—wi+2aw,, uU,=w,, (3.28¢)
Wy =10, Wy = —,, +2av, —v?. (3.284)

The transformation (3.28c) with a=0 is equivalent to the Miura map presented in

[4].
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The factorisation (3.4) with

0

A

A, (3.29a)

Il

10
0 0
0 4 A7
gives us an invertible transformation

Uy =—20,0,, U,=-—03, (3.29b)

transforming B, into its constant coefficient form B,.

4. Conclusions

In this paper we have introduced two basic methods, which we have applied to the
linear spectral problem (2.1a). The first of these was to use an unusual form of the
Lax approach so that in one construction we obtain the time evolution (2.1c), the
Hamiltonian operators (2.6b) and the Hamiltonians (2.11). The second was to use
the quadratic form (3.4) as a generalisation of the factorisation (1.9) as a means of
producing the Miura (or invertible) maps (3.6).

The method we give for constructing the time evolutions (2.1c) is applicable to
a much broader class of spectral problems than the usual Gelfand-Dikii approach.
For instance, the latter cannot easily be applied to energy dependent operators.
However, even in the most standard cases, such as the KdV hierarchy, our
approach gives a very simple and elegant construction of the associated
Hamiltonian operators. Applied to the usual third order Lax operator our method
immediately gives the two Hamiltonian structures for the Boussinesq hierarchy. It
is not, however, guaranteed that multi-component, multi-Hamiltonian extensions
will exist. In the Boussinesq case, for example, it seems that only a 4 component, tri-
Hamiltonian extension is possible [18]. On the other hand, Kupershmidt’s non-
standard Lax operators [9], when written in purely differential form, can be
extended to energy dependent versions. His representation of the DWW equations
can be extended in this way [12], but the resulting system is gauge equivalent to a
subclass of the systems discussed in this paper.

The importance of the existence of our Miura and invertible maps is (at least)
two-fold. First, by relating each Hamiltonian structure to a constant coefficient,
first order operator, these maps give us a simple, direct proof that our operators are
indeed Hamiltonian. More importantly, however, they give us the remarkable
chain of modifications depicted in Fig. 1. This is a direct generalisation of the
known, simplest cases of the (single component) KdV and (two component) DWW
equations. Another important aspect is our method of construction. Whilst this
can be reduced to the standard factorisation method for the KdV (N =1) case, it is
a new construction for the energy dependent linear problem. It should be
remarked that the origin of the Miura maps for the DWW equations was
previously unknown.

In [17] we generalise all the results of the present paper to the “super” case.
This places a variety of previously known, but disparate, examples into a single
framework. Contrary to Kupershmidt’s expectation that modifications do not
survive super extensions [19], our construction does still work in this case.



486 M. Antonowicz and A. P. Fordy

The Hamiltonian structures of this paper have recently been derived by an

r-matrix approach [20, 21]. An interesting open problem is the construction of our
Miura maps by Lie algebraic means.
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proof of injectivity of Miura maps. The SERC are gratefully acknowledged for their financial
support.
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