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Abstract

This chapter contains a survey on Liouville correspondences between integrable
hierarchies. A Liouville transformation between the corresponding isospectral
problems induces a Liouville correspondence between their flows and Hamilto-
nian functionals. As prototypical examples, we construct Liouville correspon-
dences for the modified Camassa-Holm, the Novikov, the Degasperis-Procesi,
the two-component Camassa-Holm and the two-component Novikov (Geng-
Xue) hierarchies. In addition, a new Liouville correspondence for a certain
dual Schrodinger integrable hierarchy is presented.

1 Introduction

Due to the pioneering works [1] and [43], it is known that the spatial isospectral
problem in the Lax-pair formulation of an integrable system plays a fundamental role
when constructing the soliton solutions using the inverse scattering transform, as
well as analyzing the long-time behavior of solutions based on the Riemann-Hilbert
approach. The transition from one isospectral problem to another via a change of
variables can usually be identified as a form of Liouwville transformation; see [61] and
[64] for this terminology. It is then expected that such a correspondence based on a
Liouville transformation, which we call a Liouville correspondence for brevity, can
be used to establish an inherent correspondence between associated integrability
properties including symmetries, conserved quantities, soliton solutions, Hamilto-
nian structures, etc. Indeed, this is a basic idea for investigating the integrability
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of a new system by establishing its relation to a known integrable system through
some kind of transformation, which, besides Liouville transformations, can include
Backlund transformations, Miura transformations, gauge transformations, Darboux
transformations, hodograph transformations, etc. [12, 15, 41, 59, 62, 66, 70, 74].
Applying an appropriate transformation enables one to adapt known solutions and
integrable structures in order to derive explicit solutions and investigate the inte-
grability properties for the transformed system.

In recent years, a great deal of attention has been devoted to integrable systems of
the Camassa-Holm type, following the discovery of their novel properties, including
the structure of nonlinear dispersion, which (as a rule) supports non-smooth soliton
solutions, such as peakons, cuspons, compactons, etc. [10, 52], and the ability of
such systems to model wave-breaking phenomena. Previous investigations demon-
strate that many integrable hierarchies of Camassa-Holm type admit a Liouville
correspondence with certain classical integrable hierarchies. In the following, recent
advances in the study of Liouville correspondences for the integrable hierarchies of
Camassa-Holm type and non-Camassa-Holm type are summarized.

Among integrable systems of Camassa-Holm type, the best-studied example is
the Camassa-Holm (CH) equation

ng + 2vzn + vng = 0, n=1v— Vg, (1.1)

that has a quadratic nonlinearity [8, 9, 17, 27, 35|, while the modified Camassa-Holm
(mCH) equation [67]

me + ((uQ—ui)m)x =0, m=u— Ugy, (1.2)
is a prototypical integrable model with cubic nonlinearity, which presents several
novel properties, as described, for instance, in [7, 30, 53, 54, 58, 69]. The CH equa-
tion (1.1) appears as an integrable generalization of the Korteweg—de Vries (KdV)
equation possessing infinitely many symmetries [27], and is shown to correspond to
the first negative flow of the KdV integrable hierarchy using the Liouville trans-
formation [26]; see also [5, 6]. A novel link between the mCH equation (1.2) and
the modified KAV (mKdV) equation was found and used to obtain the multisoliton
solutions of (1.2) from the known multisoliton solutions of the mKdV equation in
[58]. In addition, all the equations in the CH, mCH, KdV, and mKdV hierarchies
have a classical bi-Hamiltonian form (see [67] for example). The interesting feature
here is that the two Hamiltonians for the CH and mCH integrable hierarchies can
be constructed from those of the KAV and mKdV hierarchies, respectively, using
the approach of tri-Hamiltonian duality [24, 26, 67]. This approach is based on the
observation that, by applying an appropriate scaling argument, many standard inte-
grable equations that possess a bi-Hamiltonian structure in fact admit a compatible
triple of Hamiltonian operators. Different combinations of the members of the com-
patible Hamiltonian triple can generate different types of integrable bi-Hamiltonian
systems, which admit a dual relation. In [72], another kind of duality by exploiting
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the zero curvature formulations of the CH and mCH hierarchies and the KdV and
mKdV hierarchies was also discussed.

As a consequence of these connections between the CH equation (1.1) and the
KdV equation, and between the mCH equation (1.2) and the mKdV equation, it is
anticipated that the KdV and mKdV hierarchies should be related to their respective
dual counterparts, the CH and mCH hierarchies, in a certain manner. A relationship
between the KAV and CH hierarchies provided by the approach of loop groups is
explored in [73]. Note that the Lax-pair formulations of equations in the CH, mCH,
KdV, and mKdV hierarchies are all based on a second order isospectral problem.
Using the Liouville transformation between the spatial isospectral problems of the
CH hierarchy and the KdV hierarchy, the Liouville correspondence between these
two integrable hierarchies is established in [44] and [60], and in addition gives rise to
a correspondence between the Hamiltonian functionals of the two hierarchies. The
analysis for the KdV-CH setting depends strongly on the subtle relation between
one of the original KdV Hamiltonian operators and one of the dual CH Hamiltonian
operators. Furthermore, the relation between the smooth traveling-wave solutions
of the CH equation and the KdV equation under the Liouville transformation was
investigated in [45]. In [36], we established the Liouville correspondence between the
integrable mCH hierarchy induced by (1.2) and the mKdV hierarchy, including the
explicit relations between their equations and Hamiltonian functionals. In contrast
to the CH-KdV setting, the analysis in [36] was based on the interrelation between
the respective recursion operators and the conservative structure of all the equations
in the mCH hierarchy. It is worth pointing out that the tri-Hamiltonian duality
relationships helps establish corresponding Liouville correspondences in both the
CH-KdV and mCH-mKdV cases as shown in [44] and [36]. As a by-product, we
constructed in [36] a novel transformation mapping the mCH equation (1.2) to the
CH equation (1.1) in terms of the respective Liouville correspondences between the
CH-KdV hierarchies and between the mCH-mKdV hierarchies.

In [67], the nonlinear Schrodinger equation

up = 1 (uge + ulul?),

was investigated using the method of tri-Hamiltonian duality, and the dual inte-
grable version

up + iug = |ul? (v — ug), (1.3)

was derived (see also [21]).The dual Schrodinger equation (1.3) has attracted much
interest in recent years for its soliton solutions, well-posedness, physical relevance,
etc. [23, 46, 47, 48, 75]. In this article, we present a new result of Liouville corre-
spondence for the integrable hierarchy induced by equation (1.3). We prove that
this dual integrable hierarchy can be related to the mKdV integrable hierarchy by a
different Liouville transformation compared to the transformation used to establish
the Liouville correspondence between the mCH hierarchy and the mKdV hierarchy.
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The tri-Hamiltonian duality theory is a fruitful approach for deriving new dual
integrable hierarchies from known integrable soliton hierarchies, provided that the
bi-Hamiltonian formulation of the latter hierarchy admits a compatible triple of
Hamiltonian operators through appropriate rescalings. For integrable soliton hier-
archies with generalized bi-Hamiltonian structures, i.e., compatible pairs of Dirac
structures [20], the corresponding Hamiltonian operators usually do not support
a decomposition as linear combination of different parts using the scaling argu-
ment, and so constructing the associated dual integrable hierarchy in this case is
unclear. On the other hand, other interesting CH-type integrable hierarchies with-
out tri-Hamiltonian duality structure can be found using some particular classifica-
tion procedure. Two representative examples are the Degasperis-Procesi (DP) and
Novikov integrable hierarchies.

The DP integrable equation with quadratic nonlinearity

ng = 3UpN + VN, n=1v— Vg, (1.4)

was derived in [19] as a result of the asymptotic integrability method for classifying
(a class of) third-order nonlinear dispersive evolution equations. In such a clas-
sification framework, the CH equation and the KdV equation are two only other
integrable candidates. The DP equation (1.4) is integrable with a Lax pair involving
a 3 x 3 isospectral problem as well as a bi-Hamiltonian structure [18]. In [18, 31], it
was pointed out that using the Liouville transformation, equation (1.4) is related to
the first negative flow of the Kaup-Kupershmidt (KK) hierarchy, which is initiated
from the classical KK integrable equation [40, 42]

P: + Pyyyyy + 10PP,,, + 25P, P, + 80P*P, = 0. (1.5)
The Novikov integrable equation with cubic nonlinearity
my = 3uugm + u’my, m=1Uu— Ugg, (1.6)

was discovered as a consequence of the symmetry classification of nonlocal partial
differential equations involving both cubic and quadratic nonlinearities in [63]. The
Lax pair formulation with 3 x 3 isospectral problem and bi-Hamiltonian structure
were established in [32]. It was shown in [32] that the Novikov equation (1.6) is
related by the Liouville transformation to the first negative flow of the Sawada-
Kotera (SK) hierarchy, which is initiated from the classical SK integrable equation
[11, 71]

QT + nyyyy + 5Qnyy + 5Qyny + 5Q2Qy = 0. (17)

Although the DP and Novikov hierarchies are bi-Hamiltonian, the correspond-
ing Hamiltonian operators are not amenable to the tri-Hamiltonian duality con-
struction, in particular one that is related to the Hamiltonian operators of the
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KK and SK equations. In addition, the KK equation (1.5) and the SK equation
(1.7) both have generalized bi-Hamiltonian formulations with the corresponding
hierarchy generated by the respective recursion operators, which are obtained by
composing symplectic and implectic operators that fail to satisfy the conditions of
non-degeneracy or invertibility [28]. Therefore, studying a Liouville correspondence
for the DP or Novikov integrable hierarchies requires a more delicate analysis. In
[37], using the Liouville transformations and conservative structures in both the
DP and Novikov settings, we found the corresponding operator identities relating
the recursion operator of the DP/Novikov hierarchy and the adjoint operator of
the recursion operator of the KK /SK hierarchy, and then were able to establish the
Liouville correspondences between the DP and KK integrable hierarchies, as well
as the Novikov and SK integrable hierarchies. In particular, a nontrivial operator
factorization for the recursion operator of the SK equation discovered in [14] plays
a key role in constructing the Liouville correspondence for the Novikov hierarchy.
Note that the SK equation (1.5) and the KK equation (1.7) are related to the so-
called Fordy-Gibbons-Jimbo-Miwa equation via certain Miura transformations [25].
Exploiting such a relation, we also obtained in [37] a nontrivial link between the
Novikov equation (1.6) and the DP equation (1.4).

One can also investigate Liouville correspondences for multi-component inte-
grable hierarchies. The integrable two-component CH hierarchy and the integrable
two-component Novikov (Geng-Xue) hierarchy are two typical examples. The well-
studied two-component CH (2CH) system

m¢ + 2uzm + umg + ppy = 0, pt+ (Pu)x =0, m=1U— Ugy, (1-8)

arises as the dual version for the integrable two-component Ito system
Ut = Uggg + UUL + VU, UVt = (uv)l’7

introduced in [33] using the method of tri-Hamiltonian duality [67]. Such a duality
structure ensures that the system (1.8) is integrable, with bi-Hamiltonian formu-
lation and compatible Hamiltonians, which thereby recursively generate the entire
2CH integrable hierarchy, with (1.8) forming the second flow in the positive direc-
tion.

In [16], the 2CH system (1.8) was derived as a model describing shallow water
wave propagation. In [13], the Lax pair of system (1.8) was converted into a Lax
pair of the integrable system

1
Pr=py, Qr= §PPy + oy Py pyyy +20yQ +2(pQ)y =0, (1.9)

by a Liouville-type transformation introduced in [2, 3, 4]. In [13], this system was
found to be the first negative flow of the Ablowitz-Kaup-Newell-Segur hierarchy [1]
in terms of the spectral structure of its Lax-pair formulation. Although the 2CH
and Ito integrable systems are related by tri-Hamiltonian duality, in contrast to the
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CH-KdV and mCH-mKdV cases, the Liouville correspondence between these two
hierarchies is unexpected because the transformation between the corresponding
isospectral problems is not obvious.

It is anticipated that one can establish a Liouville correspondence between the
2CH hierarchy and a second integrable hierarchy involving the integrable system
(1.9) as one of flows in the negative direction. Nevertheless, the integrable structures
including the recursion operator and Hamiltonians for such a hierarchy are not clear.
The required integrability information was also not presented in [13]. In [38], we
elucidated this entire integrable hierarchy, which we call the hierarchy associated
with system (1.9) or the associated 2CH (a2CH) hierarchy for brevity. We show
that it has a bi-Hamiltonian structure and establish a Liouville correspondence
between the 2CH and a2CH hierarchies. As in the scalar case, verifying the Liouville
correspondence relies on analyzing the underlying operators, which have a matrix
form in the multi-component case, and a more careful calculation of the nonlinear
interplay among the various components is hence required. Furthermore, we find in
[38] that the second positive flow of the a2CH integrable hierarchy is closely related
to shallow water models studied in [34] and [39].

The Novikov equation (1.6) has the following two-component integrable gener-
alization

my+3vuzm+uvmy, = 0, ng+3uvgntuvng =0, m = u—1Ugy, N = V—Vzq, (1.10)

which was introduced by Geng and Xue [29], and is referred to as the GX system;
see [55] and references therein. As a prototypical multi-component integrable sys-
tem with cubic nonlinearity, the GX system (1.10) supports special multi-peakon
dynamics and has recently attracted much attention [49, 50, 51, 55, 56]. In [49], it
was shown that there exists a certain Liouville transformation converting the Lax
pair of GX system (1.10) into the Lax pair of the integrable system

3
Qr = §(Qy +py)_(q_p)Pa pyy+2pyp+ppy +pP2_pQ+1 =0,

3
Pr=3(g—p), Qyy — 20y P — qPy + qP* — qQ + 1 =0,

where ¢ = vm?/3n=1/3 and p = um~Y/3n2/3. The system (1.11) is bi-Hamiltonian,
whose bi-Hamiltonian structure is derived in [49]. In [38], the entire associated GX
(aGX) integrable hierarchy is investigated, in which (1.11) is the first negative flow.
The Liouville correspondence between the integrable GX hierarchy generated by
(1.10) and the aGX hierarchy is also established.

We conclude this section by outlining the rest of the survey. Section 2 is devoted
to the Liouville correspondence for the mCH integrable hierarchy. The Liouville
correspondences between the Novikov and SK hierarchies, and between the DP and
KK hierarchies are discussed in Section 3. In Section 4, multi-component cases are
discussed. Finally, we present the new result for the Liouville correspondence of the
dual Schrodinger hierarchy generated by (1.3).

(1.11)
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2 Liouville correspondences for the CH and mCH inte-
grable hierarchies

In this section, we present our procedure to establish the Liouville correspondence

between the mCH hierarchy and the (defocusing) mKdV hierarchy in details. A

novel transformation mapping the mCH equation (1.2) to the CH equation (1.1) in

terms of the respective Liouville correspondences between the CH-KdV hierarchies
and between the mCH-mKdV hierarchies found in [36] is also addressed.

2.1 Liouville correspondence for mCH integrable hierarchy

Let us begin by presenting the basic CH-KdV case. For the CH equation (1.1), the
bi-Hamiltonian structure takes the following form

6By B
ne=J 5= LS

where Fy = Fy(n), B2 = Es(n) are Hamiltonian functionals, and the compatible
Hamiltonian operators are given by

J=—(0,-092), L=—(0:n+n0).
These are related to the Hamiltonian pair

D=9, L=30,—5(Pd+0,P) (2.1)
of the KdV equation

P, + Py, — 6 PP, = 0. (2.2)

It was proved in [44] and [60] that the corresponding Liouville transformation re-
lating their isospectral problems transforms between the CH and KdV hierarchies.
The following identities

1 — 1 —= 1 1
———D = L=—T—

2\/n n’ 4n J Vn

relating the Hamiltonian operators under the Liouville transformation play an im-
portant role in the analysis used in [44] and [60].

The mCH equation (1.2) can be written in bi-Hamiltonian form [67]

L=

mt:j@:’Cdﬂy m=u— Ugy,
om om

where

J=—(0.-3), K=-0,md;'ma, (2.3)
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are compatible Hamiltonian operators, while the corresponding Hamiltonian func-
tionals are given by

1 1
Hi(m) = /mud:c, Ha(m) = 4/ (u4 + 2u*u? — gui)dx.

In general, for an integrable bi-Hamiltonian equation with two compatible Hamil-
tonian operators K and J, Magri’s theorem [57, 66] establishes the formal existence
of an infinite hierarchy
) OH e
T _ g %"1, n=12,..., (2.4)

om om

my = K,(m)=J

of higher-order commuting bi-Hamiltonian systems, based on the higher-order Hamil-
tonian functionals H, = H,(m), n =0,1,2,..., common to all members of the hi-
erarchy. The members in the hierarchy (2.4) are obtained by applying successively
the recursion operator R = K J ! to a seed symmetry [65], which in the mCH
setting takes the following form:

my = Ki(m) = —2my, with Ho(m) = /mdx.
The positive flows in the mCH hierarchy (2.4) are hence

me + (KTH)" (2mg) =0, n=0,1,.... (2.5)
Clearly, the mCH equation (1.2) appears in this hierarchy as

my = Ka(m) = — ((u2 —u?) m)z =RKi(m).

Similarly, one obtains an infinite number of higher-order commutative bi-Hamiltonian
systems in the negative direction:
O _(ny1)

67{*"216 , n=1,2,...,

om om

my=K_,(m)=J

starting from the Casimir functional Heo(m) = [1/mdx of K. Then, the first
equation my; = K_1(m) in the negative direction of the mCH hierarchy is

OH_1 0He 1 1
_ _ (LY (L 2.
=gt = = ()~ () 2

which is called the Casimir equation in [67]. It was noted in [67] that equation
(2.6) has the form of a Lagrange transformation, modulo an appropriate complex
transformation, of the mKdV equation. Successively applying JK ! produces the
hierarchy of negative flows, in which the n-th member is

n— 1
my = K_n(m) = — (JK™) ljw, n=1,2.... (2.7)
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As the original soliton equation in the duality relationship with the mCH equa-
tion (1.2), the (defocusing) mKdV equation

Qr + nyy —6 QQQy =0 (2.8)

also admits a hierarchy consisting of an infinite number of integrable equations in
both the positive and negative directions. Each member in the positive direction
takes the form

— 0Hyp  —O0Hp

=K, = = , =12,..., 2.
Q=K@ =755 =Kt (2.9)
where

_ 1 _

K= _185 +0,Q0,'Q0,, J = —0y, (2.10)
are the compatible Hamiltonian operators, and H,, = H,(Q), n = 0,1,2,..., are the

corresponding Hamiltonian functionals. Using the recursion operator R = IC J !
the positive flows in (2.9) are

Q-+ (KT )" (4Qy) =0, n=0,1,.... (2.11)
The negative flow in the following form
R"Q, =0, n=12,...,
can be rewritten as
9y (30, - Q9;'Q) (KT )" Qr =0,
due to the forms of the Hamiltonian operators (2.10), and thus, for each n > 1,
(o, - Qo'Q) (KT )" '@ =C_, (2.12)

with C'_,, being the corresponding constant of integration.
The zero curvature formulation [68, 72] for the mCH equation (1.2) is

e V) (i)
v, 72 2™M\w, w- 2.13
(m 1) ¥ (219
and
T — A2 1(u? — ) A Hu — ug) — $Am(u® — u?) @
t= AN+ ug) + %/\m(u2 —u?) A2 — (u2 u?) ‘

On the other hand, the zero curvature formulation for (2.8) comes from the com-
patibility condition between

I V) _ (¢
‘I)y_<—icz w) ’ ‘I"(dé) (2:14)
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and

& — —4ip® — 21 pQ? 4iQ +21Q3 — 2uQy — iQyy ®
T —4p?iQ —2iQ3 — 2uQy +iQyy 4ip® +2ipQ? :

One can verify that the following Liouville transformation

e— (1 e y—jm<s>ds,

will convert the isospectral problem (2.13) into the isospectral problem (2.14), with

1

Q o %

We hence introduce the following transformation:

T

y = / m(t.&)de,  T=t,  Qry) =

= ST’ (2.15)

and investigate how it affects the underlying correspondence between the flows of
the mCH and (defocusing) mKdV hierarchies.

Hereafter, for a non-negative integer n, we denote the n-th equation in the pos-
itive and negative directions of the mCH hierarchy by (mCH),, and (mCH)_,,, re-
spectively, while the n-th positive and negative flows in the (defocusing) mKdV
hierarchy are denoted by (mKdV), and (mKdV)_,, respectively. Applying the
Lemmas 3.2 and 3.3 in [36], we are able to establish a Liouville correspondence
between the (defocusing) mKdV and mCH hierarchies.

Theorem 1. Under the transformation (2.15), for each n € Z, the (mCH),11
equation is related to the (mKdV)_,, equation. More precisely, for each integer
n >0,

(). m solves equation (2.5) if and only if Q satisfies Qr =0 forn =0 or (2.12)
forn > 1, with C_,, = 1/(—4)";

(ii). Forn > 1, the function m is a solution of the following rescaled version of

(2.7):

1

(_1)n+1
Co-1 m2’

my = K_n(m) = 92n—1

(J’C_l)n_l n=12...,
if and only if Q satisfies equation (2.11). In addition, for n = 0, the corresponding

equation my; = 0 is equivalent to Q + 4@, = 0.

Magri’s bi-Hamiltonian scheme enables one to recursively construct an infinite
hierarchy of Hamiltonian functionals of the mCH equation (1.2). The Hamiltonian
functionals H,, = H,,(m) satisfy the recursive formula

om om

J

, n € 7,
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where K and J are the two compatible Hamiltonian operators (2.3) admitted by
the mCH equation. On the other hand, the recursive formula

_6H, o 0H
j&Q =K 50

, n ez

can be used to obtain Hamiltonian functionals of the (defocusing) mKdV equation
(2.8). Applying the Lemmas 4.1 and 4.2 in [36], we proved the following relation
between the sequences of the Hamiltonian functionals admitted by the mCH and
the (defocusing) mKdV equations.

Theorem 2. For any non-zero integer n, each Hamiltonian functionals H,(Q) of
the (defocusing) mKdV equation yields the Hamiltonian functionals H_,(m) of the
mCH equation, under the Liouville transformation (2.15), according to the following
identity

H_pn(m) = (—1)"22" L H,(Q), 0#£ncZ.

2.2 Relationship between the mCH and CH equations

It is wellknown that the KdV equation and the mKdV equation are linked by the
Miura transformation. This leads to a question whether there exists a transforma-
tion relating their respective dual counterparts, in other words, a transformation
between the CH equation (1.1) and the mCH equation (1.2). From the viewpoint
of tri-Hamiltonian duality, the CH equation (1.1) is regarded as the dual integrable
counterpart of the KdV equation (2.2). The KdV equation (2.2) is related to the
(defocusing) mKdV equation (2.8) via the Miura transformation

B(P,Q)=P - Q>+ Q, =0. (2.16)
Furthermore, Fokas and Fuchssteiner [22] proved that all the positive members of
the KdV hierarchy admit the same Miura transformation. In addition, we have the
following result.

Proposition 1. Assume that (Q satisfies the equation

(KT Q-=0, (2.17)
where K and J are given in (2.10). Then P = Q? — Q, satisfies

(D) P =0, (2.18)

where £ and D are defined by (2.1).
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Using Proposition 1, we are able to construct a transformation from the mCH
equation (1.2) to the CH equation (1.1). First, it was shown in [26, 44, 60] that the
following Liouville transformation

x
1 1 (n(t,$)_1/4)$x 2.19

P(T’y)_n(t,m)(l_ n(t,l‘)fl/zl )7y_/\/ﬁd§an_v_vl‘x77——t’ ( )
relating the respective isospectral problems for the CH hierarchy and the KdV
hierarchy, gives rise to the one-to-one correspondence between the CH equation
(1.1) and the first negative flow (2.18). On the other hand, from Theorem 1, m(t, z)
satisfies the mCH equation (1.2) if and only if

T

Y= /m(t,f) d¢, 7=t (2.20)

is the solution of equation (2.17). We deduce that the composite transformation
including (2.16), (2.19), and (2.20) defines a map from the mCH equation (1.2) to
the CH equation (1.1), albeit not one-to-one.

1

Q(r,y) = ma

Proposition 2. Assume m(t,x) is the solution of the mCH equation (1.2). Then,
n(t,x) satisfies the CH equation (1.1), where n(t,x) is determined by the relation

(2.19) with P(1,y) = Q*(1,y) — Qy(7,y) and Q(7,y) defined by (2.20).

3 Liouville correspondences for the Novikov and DP
integrable hierarchies
In this section, we first survey the main results on Liouville correspondences for

the Novikov and Degasperis-Procesi (DP) hierarchies, and then show the implicit
relationship which associates the Novikov and DP equations.

3.1 Liouville correspondences for the Novikov and DP hierarchies

The Novikov equation (1.6) can be expressed in bi-Hamiltonian form [32]

- LM 0Ho -
mt_Kl(m)_j 5m =K 5m7 m=1u Uz,

where
k= %m Dpm3 (40, — O I m5 Oyms, T =(1-8)m T 9,m (1~ 02)

are the compatible Hamiltonian operators. The corresponding Hamiltonian func-
tionals are given by

Ho(m) = 9/ (v +u2) dz, Hi(m)= 61;/um@;lm(l—ﬁg)_l(u2m1+3uumm) dz.
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As for the Novikov integrable hierarchy

OHn _x 57—[,1_1’

me = Ka(m) = J om om

n € Z, (3.1)

the Novikov equation (1.6) serves as the first member in the positive direction of
(3.1). While, in the opposite direction, note that

oM
Ko(m) = J Tmo = 0.

The first negative flow is the Casimir equation
_1
my=K_1(m)=3Tm”s.

In addition, the Lax pair for the Novikov equation (1.6) consists of [32]

0 xm 1 U1
v, =10 0 Am | P, U= ||, (3.2)
1 0 0 3
and
%)\*2 —uuy A tuy — MuPm ui
v, = Ay —%)\_2 A luy, — Mum | .
—u? Ay %)\_2 + Uty

It was proved in [32] that by the Liouville transformation

z
y=[m

the isospectral problem (3.2) is transformed into

10 1 7 4
_ 2 2

4
(ta f)dgv T =1, Q: §m ?mx—gm_ﬁmm—m_ s (33)

Wi

Pyyy + Q Py = @, (3.4)

with ® = 99 and p = A2, The linear system (3.4) is a third-order spectral problem
for the SK equation (1.7), which together with the corresponding time evolution of
® = 1)y yields

Qr=W,, W,+QW=T, T,=0. (3.5)

As noted in [32], the system (3.5) is the first negative flow of the SK hierarchy.
Based on the Liouville transformation between the isospectral problems of Novikov
equation and the first negative flow of the SK hierarchy, we are inspired to establish
the Liouville correspondence for their entire hierarchies.
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As far as the SK equation (1.7) is concerned, it exhibits a generalized bi-Hamiltonian
structure, whose corresponding integrable hierarchy is generated by a recursion op-
erator R = K J, with an implectic (Hamiltonian) operator

K=-(0+2Q0,+20,Q)
and a symplectic operator

T =200 4+202Q0," +20,' Q92+ Q*9," + 9, Q*.
More precisely, the SK equation (1.7) can be written as

@ =Fr(Q =K

where the Hamiltonian functional is

— 1

Ho(Q) = 6 / (@ — 3@3) dy.

In conclusion, the positive flows of the SK hierarchy are given by
Q0 = Fal@ = (K7 ' Kr,  n=1,2....

On the other hand, in the negative direction, in view of the fact that the trivial
function f = 0 satisfies the equation

_ . &
jf_W7

as proposed in [37], the n-th negative flow has the form
R"Q, =0, n=12,....

The following theorem is taken from [37] to illustrate the underlying one-to-one
correspondence between the flows in the Novikov and SK hierarchies. In this section,
for a positive integer n, the n-th equation in the positive and negative directions
of the Novikov hierarchy are denoted by (Nov), and (Nov)_,, respectively, while
the n-th positive and negative flows of the SK hierarchy are denoted by (SK),, and
(SK)_p, respectively. Based on Lemmas 2.3 and 2.4 in [37], we are able to establish
the following result.

Theorem 3. Under the Liouville transformation (3.3), for each positive integer
n € Z*, the n-th positive flow (Nov), and negative flow (Nov)_,, of the Novikov
hierarchy are mapped into the n-th negative flow (SK)_,, and positive flow (SK),,
respectively.
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In addition, in the Novikov-SK setting, in order to establish the explicit rela-
tionship between the flows in the positive Novikov hierarchy and the flows in the
negative SK hierarchy, the following factorization of the recursion operator R = K J
of the SK equation is necessary to identify the equations transformed from the pos-
itive flows in the Novikov hierarchy as the corresponding negative flows in the SK
hierarchy exactly. The factorization is based on the following operator identity [14]:

R = —2(0, +5Q0; + 4Qy0y + Quy +4Q* +2Q,0, ' Q) (92 + Q + Q,0; ") .

Based on the Liouville correspondence, as shown in [37], there also exists a one-to-
one correspondence between the sequences of the Hamiltonian functionals {#H,,(m)}
of the Novikov equation and {H,(Q)} of the SK equation. In particular, with
their Hamiltonian pairs /C, J and K, J in hand, the corresponding Hamiltonian
functionals {H,(m)} and {H,(Q)} are determined by the following two recursive
formulae:

- ’ J IC = A € Z7

5m 5m TRk=50 50 "

respectively. Indeed, in [37], the relationship between the two hierarchies and the
effect of the Liouville transformation on the variational derivatives were investigated.
Applying Lemmas 2.5 and 2.6 in [37], we can prove the following theorem.

Theorem 4. Under the Liouville transformation (3.3), for each n € Z, the Hamil-
tonian functionals H,(Q) of the SK equation are related to the Hamiltonian func-
tionals H_,(m) of the Novikov equation, according to the following identity

Hp(m) = 18%_(71_,_2)(@), n € 7.

In analogy with the Liouville correspondence between the Novikov and SK hier-
archies, there exists a similar correspondence between the DP and KK hierarchies,
as well as their respective hierarchies of the Hamiltonian functionals. The main
results are presented in the following two theorems. We refer the interested reader
to [37] for further details.

Theorem 5. Under the Liouville transformation
[ 1 (7 2
y= /né(t, §d¢, 7=t, P= 1 (gn_gng, — gn_§nm - n_§> , (3.6)

for each positive integer | € Z, the l-th positive flow (DP); and negative flow (DP)_,
of the DP hierarchy are mapped into the l-th negative flow (KK)_; and positive flow
(KK); of the KK hierarchy, respectively.

Theorem 6. Under the Liouville transformations (3.6), for each |l € Z, the Hamil-
tonian functional £/(P) of the KK equation (1.5) is related to that £(n) of the DP
equation (1.4), according to the following identity

5[(71) =36 E,(ZJFQ) (P), leZ.
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3.2 Relationship between the Novikov and DP equations

As proposed in [37], a further significant application of the Liouville correspondence
between the Novikov-SK and DP-KK hierarchies is to establish the relationship
between the Novikov and DP equations, which is motivated by the following issues.
Firstly, it has been shown in [25] that under the Miura transformations

1
Q-V,+V?=0, P+Vy+§v2:0, (3.7)

the SK equation (1.7) and the KK equation (1.5) are respectively transformed into
the Fordy-Gibbons-Jimbo-Miwa equation

Ve + Vigyyy = 5(VyVyyy + Vo + VP + 4V, Vyy + V2V, — VIV,) = 0. (3.8)

In [37], this relationship was generalized to first negative flows of the SK and KK
hierarchies. Indeed, in view of (3.7), the recursion operator R of the SK equation
and the recursion operator R* of equation (3.8) satisfy

R*=T/RTY,  with T1=(2V-9,)".

Similarly, the recursion operator R of the KK equation is linked with the recursion
operator R* according to the identity

R*=TRTy Y, with Tpo=(V+3,)" .
Based on this, one has the following result.

Lemma 1. Assume that V satisfies the equation
R*V, =0. (3.9)

Then Q =V, — V2 and P = —Vy — V2/2 satisfy the first negative flow of the
SK hierarchy R Q, = 0 and the first negative flow of the KK hierarchy R P, = 0,
respectively.

Finally, using Lemma 1, combined with the Liouville correspondences between
the Novikov-SK and DP-KK hierarchies, we establish the relationship between the
Novikov equation and the DP equation, which is summarized in the following the-
orem.

Theorem 7. Both the Novikov equation (1.6) and the DP equation (1.4) are linked
with equation (3.9) in the following sense. If V(T,y) is a solution of equation (3.9),
then the function m(t,x) determined implicitly by the relation

T

V-V ——m = )m g [m

wlro

(ta f) d{, T =1,
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satisfies the Novikov equation (1.6), while the function n(t,z) determined by

1 1 i
‘/y + §V2 = 1”7% (1 - 482) niéa Y= /né(tv 5) d&, T =1,

satisfies the DP equation (1.4).
4 Liouville correspondences for multi-component inte-

grable hierarchies

In this section, we shall survey the main results concerning Liouville correspondences
for the 2CH and GX hierarchies.

4.1 Liouville correspondence for 2CH hierarchy

The 2CH system (1.8) is a bi-Hamiltonian integrable system [67]

m Hn OH,\"
= = n b = ) ) = ]" 27
<P>t T 0Ha(m, p) = KSHi(m, p), 0Hn(m,p) < m” op > n
with compatible Hamiltonian operators
_ (mOy + 0:m  pOy _ (Op — 2 0
= (MO )= (20 ). (4.1
and the associated Hamiltonian functionals
1 1
Hi(m, p) = =3 /(u“’ tup+pf) dz, Ha(m, p) = —5 /u(u2 +uj + p?) da.
The Hamiltonian pair (4.1) induces the hierarchy
My oHL\T
<m> =K, = T6Hn = K6Hn 1, 6Hn= ( T OH ) , nezZ, (4.2)
r), om~ dp

of commutative bi-Hamiltonian systems, based on the corresponding Hamiltonian
functionals H,, = H,(m, p). The positive flows of (4.2) begin with the seed system

(), 7= (0.

and the 2CH system (1.8) is the second member. On the other hand, the negative
flows start from the Casimir system

(m> =K_, = J5Hc,
r),
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with the associated Casimir functional H¢(m, p) = [m/pdz for the Hamiltonian
operator K. The first negative flow for the hierarchy (4.2) has the explicit form

1 m
mt:(am_a;%) <p>a Pt:—<p2>z, m=u— Ugg,

which, together with the inverse recursion operator R~! = J K~ produces the
members in the negative direction of (4.2), namely

-1
(”p") —K_n—(chl)”lj< P _2>, n=12...
t

—mp

In [38], we established the Liouville correspondence between the 2CH hierarchy
and another integrable hierarchy, called the associated 2CH (a2CH) hierarchy. The
transformation relating these hierarchies is motivated by the Liouville transforma-
tion [13]

T

T =1, Yy = /p(tvf) dé, P(7_7 y) = _m(ta *73) ,O(t, l‘)_2,

(4.3)
1 2,3 —4 2 1 -3

Q(T’ y) = _Zp(tx) + Zp(t’x) pm(tvgc) - ip(tvx) px;c(t, $)7

which converts the isospectral problem
1 1 U

U, + (—4—)\m+)\2p2) v=0T,= <2A —u> \Ifﬁqu

of the 2CH system into
1 1
Pyy + (Q+AP+A)® =0, &r—p®y+ py® =0, (4.4)

with @ = /p¥.
We clarified in [38] some integrability properties of the a2CH hierarchy. This
hierarchy is generated by the recursion operator

1 < 0 0y +4Q+ 2any—1>

R=5{a “ap+2p0,!

and the corresponding positive flows and the negative flows are given by

Q 3 pn—lgx —n Q _ TF o
<PT—Kn_R K., R PT_KO’ n=1,2,...,

respectively, where K; = (—Qy, —Py)T is the usual seed symmetry and the trivial
symmetry Ko = (0, O)T is determined by R Kg = K;. Furthermore, the a2CH
hierarchy can be written in bi-Hamiltonian form

6Q  oP

T

T
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using the compatible Hamiltonian operators

o1 LOjL 2L 0,1 (PO, + 0, P)

T 4 \2(Pdy +0,P)0; 'L A(POy + 0,P)0, (PO, + 0,P)+2L)’
— 170 L 3
J—2<£ 2(Pay+ayp)>’ L =097 +2Q0, +20,Q.

In particular, as noted in [38], the second positive flow of the 2CH hierarchy takes
the explicit form

1
Qr = _§Pyyy —2QP, — QyP, Pr =20y —3PF, (46)

which can be written as the bi-Hamiltonian form (4.5) with

Hl——/de, Hg——/(;PQ—i—%)) dy.

Moreover, the system (4.6) can be obtained from the y-component of the Lax-pair
formulation (4.4) together with

1
;4 (20 + P)by — 5 Py @ = 0.

Based on this, system (4.6) is shown to be equivalent to the Kaup-Boussinesq system
[39].

The scheme of the Liouville correspondence between the 2CH and a2CH hierar-
chies as proposed in [38] is as follows, where, for a positive integer n, the (2CH),,,
(2CH)_,, and (a2CH),,, (a2CH)_,, denote the n-th positive and negative flows of
2CH hierarchy and the a2CH hierarchy, respectively.

Theorem 8. Under the Liouville transformation (4.3), for each integer n, the
(2CH),,41 equation is mapped into the (a2CH)_,, equation.

Furthermore, as a consequence of the Liouville transformation, we are led to the
one-to-one correspondence between the Hamiltonian functionals in the 2CH and
a2CH hierarchies.

Theorem 9. Under the Liouville transformation (4.3), for each nonzero integer
n, the Hamiltonian functionals Hy,(m,p) of the 2CH hierarchy are related to the
Hamiltonian functionals H,(Q, P) of the a2CH hierarchy, according to

Hu(m,p) =H_n(Q.P), 0#nel
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4.2 Liouville correspondence for the Geng-Xue hierarchy

The GX system (1.10) can be written in a bi-Hamiltonian form [50]
<7:) = KoHi(m, n) = JoHa(m, n),
t

where the compatible Hamiltonian operators are
_3 Sm%&Cm%Q_lm%axm% +md;tm Bm%((?xm%(l_ln%axn% —md;'n
3n%8mn%9*1m§8mm% —nd;tm 3n%81n%9*1n§8mn% + 3nd; n ’

2

_ 0 92 -1 3
j_<1_82 0), Q=0 40,

while
Hi(m, n) = /un dez, Hao(m, n) = /(uxv — uvg)un dx

are the initial Hamiltonian functionals. The GX integrable hierarchy can be ob-
tained by applying the resulting hereditary recursion operator R = K J ! to the
particular seed system

(), e =(01).

Hence, the [-th member in the positive direction of the GX hierarchy takes the form
my _ _ pl-1 _
<n> = Gi(m,n)=R"" Gi(m,n), 1=1,2,..., (4.7)
t

and the GX system (1.10) is exactly the second positive flow. While, the I-th
negative flow of the GX hierarchy is

(m) =G_(m,n) = (TKH " ToHc, I=1,2,..., (4.8)
t

n

where

[N

Ho(m, n) = S/Aé dr, with He = (m* n%, m%n*%)T,
is the Casimir functional for the Hamiltonian operator K, and we set A = mn
throughout this subsection.

The Lax-pair formulation for the GX system (1.10) takes the form [29]

0 Am 1 (]
v, =10 0 An | @, U=\,
1 0 0
¥s (4.9)
—UgV Aty — duom Uy Vs

U, = | Ao A 24uw—uv, —duon—A"lu, | P
—uv Aty UV,
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As is shown in [49], by the Liouville transformation

r 1 1 1A 7 A2 1ns /m
Y PP B PSS - VL
Y /357 Q=TT 6A% 364 2mi \n/e
the isospectral problem (4.9) is converted into
0 A @ b1
@:L/ = 0 P A Q, P = ¢2 )
1 0 0 ?3
L[ A 22T (py+pP) p+q
b, = 3 22" 1q A—2)\72 227N (Pg—qy) | @,
0 227 1p A

where

_1 2
n 3, p=um 3n3.

wl—=

2
3

A = qyp — qpy — 2pqP, q=vm

The compatibility condition ®,, = ®, gives rise to the following integrable system

3
Qr = §(Qy +py)_(q_p)Pa pyy+2pyp+ppy —|—pP2—pQ—|-1 =0,

3
Pr=5(a—p), Qyy — 20y P — qPy + qP* — qQ + 1 =0,

which can be viewed as a negative flow of an integrable hierarchy, namely the
associated Geng-Xue (aGX) integrable hierarchy. In addition, the Hamiltonian pair
admitted by the aGX hierarchy are

K=T (_%* ?) r* and J= % <g —28) , (4.11)
where the matrix operator I', and operators O, £ are defined by
1“——1< ;! ;! ) © =9 + PO, + 0,P + P> - Q,
6 \(302-20,P)0,t —(302+20,P)0,") &= 9 - 2Q0, — 20,Q.

Consequently, the [-th positive flow and negative flow of the aGX integrable hier-
archy have the form

<g>T:Gl:_Rl_l<g>yv Rl<g>T:G0:<8>’ 1=1,2,..., (4.12)

respectively.

The main result on the Liouville correspondence between the GX and aGX in-
tegrable hierarchies given in [38] is described in the following theorem. Adopting
a similar notation as above, the [-th positive and negative flows of the GX and
aGX hierarchies are denoted by (GX); and (GX)_;, and by (aGX); and (aGX)_y,
respectively.
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Theorem 10. Under the Liouville transformation (4.10), for each integer | > 1,
(i). If (m(t,z), n(t,z)) is a solution of the (GX); system (4.7), then the corre-
sponding (Q(7,y), P(7,y)) satisfies the (aGX)_; system (4.12);
(if). If (m(t,z), n(t,z)) is a solution of the (GX)_; system (4.8), then the
corresponding (Q(T, y), P(r, y)) satisfies the (aGX);41 system (4.12).

Considering the correspondence between the two hierarchies of Hamiltonian func-
tionals admitted by these two integrable hierarchies, we have the following theorem.

Theorem 11. For any nonzero integer [, each Hamiltonian functionals Hi(m,n) of
the GX hierarchy relates the Hamiltonian functionals H;(Q, P), under the Liouville
transformation (4.10), according to the following identity

Hi(m,n) = 6(-1)"""H_11)(Q,P), 0#1eL.

Remark 1. Notably, as claimed in [38] that the recursion operator R for the aGX
hierarchy satisfies the following composition identity

R=UV, (4.13)

where U and V are the matrix operators defined by
& &
U= (.7:4—365 ]-'—385)’ F =—(2P0, +2P,),
— _ 1 _
1 < 39,109, 9,109, (2P - 39,) >

Vzi — * O— — * 9—
54 \—30,1©*9, 1 —0,10*0, (2P +309,)

Formula (4.13) can be viewed as a new operator factorization for R, which is dif-

ferent with the decomposition of R = Ej_l using the Hamiltonian pair given
in (4.11). It is worth mentioning that such a novel factorization is a key issue in
the proof of Theorem 10, especially in identifying the systems transformed from
the negative (positive) flows of the GX hierarchy to be the corresponding positive
(negative) flows of the aGX hierarchy.

5 Liouville correspondences for the dual Schrodinger
and (defocusing) mKdV hierarchies

The nonlinear Schrodinger (NLS) equation
Lup + Ugy +oulul? =0, o==%1 (5.1)

is a reduction of a bi-Hamiltonian system

(Z)t LD} (Z)x (5.2)
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where

r— Oy +udy v —ud;tu D —i 0
—vd; v Oy +vo;tu)’ 0 i
are compatible Hamiltonian operators. System (5.2) reduces to the NLS equation

(5.1) when v = ou. In spirit of the general approach of tri-Hamiltonian duality, we
introduce the following Hamiltonian pair

-1 —1 .
C— (m@x m  —md; n)’ 7= (_( 0 i _()836)7 (5.3)

—nd;tm  nd;ln i+ 0;)
and define m = u + iu,, n = v — iv,, which leads to the integrable system
my = imuv, ng = —inuv. (5.4)
If we let v = w and then n = m, system (5.4) reduces to
My = Up + 1Up = |u]2(iu—um), (5.5)

which is exactly the dual version (1.3) derived in [67]. Hence, we call system (5.4)
the dual Schrédinger equation and the integrable hierarchy generated by (5.4) the
dual Schrodinger hierarchy.

In general, the bi-Hamiltonian integrable hierarchy initiated with the dual NLS
(ANLS) equation takes the form

@) — Fy = KoHii(m, n) = T Hi(m, n), n=m, 1=12.., (56)
t

with 0H;(m, n) = (6H/om, (57-[1/6n)T, which is governed by the usual recursion
procedure using the resulting hereditary recursion operator R = K J~'. More
precisely, the dNLS equation serves as the second member corresponding to [ = 2
in (5.6), where the Hamiltonian functionals are

1
Hi =i / mu, dz, Ho = 2/mu|u\2 dz,
and the seed Hamiltonian system is

@)t =Fy = J6Hi(m, n) = <:’;>

To obtain the negative hierarchy, note that (5.4) admits a conserved functional

Hoy = /(mn)é dz,
which satisfies

Fo=KoH_1(m,n) = (cm, —cn)T,
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where c is the integration constant. This means that one can take
m . .
(n) =Fo=J 0Ho(m, n), 7-[0:—01/(uv— iugv) dz,
t

as the initial equation. Then the [-th negative flow of the dNLS hierarchy is given
by

R @) =F,, 1=12,.... (5.7)
t

We now focus our attention on the isospectral problem associated with the dNLS
equation in [47]:

(o M) =3
U, <An T v, w= (),

i 1 u (58)
‘I’t:<2(uv+2,\2) oA >\Il
% —%('LL'U + W)
One can verify that the following Liouville transformation
1 1 z
o (1m0 S ey = [t
(n/m)t  —(n/m)"1
will convert the isospectral problem (5.8) into the isospectral problem
—ip Q ¢1
P, = . P, P = , 5.9
Y ( Q i ) <¢2> (5.9)
with
1
A=—ipy, Q= f(mn)*% (21 + <T> (ﬁ) )
4 n m/zx

It is remarked that (5.9) is the isospectral problem of the (defocusing) mKdV equa-
tion

Q-+ inyy — gQZQy =0. (5.10)

Motivated by these results, we are led to establish the Liouville correspondence
between the dNLS hierarchy and the (defocusing) mKdV hierarchy by utilizing the
Liouville transformation

T

y = / At )de, =1,

5+ ()E) 5=t

(5.11)
Q=
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First of all, under the coordinate transformation (5.11), the Hamiltonian pair K
and J (5.3) of the dNLS hierarchy will yield the Hamiltonian pair of the (defocus-
ing) mKdV hierarchy. The following theorem is thus established to illustrate the
preceding claim.

Theorem 12. By the coordinate transformation (5.11), the Hamiltonian pair K
and J (5.3) admitted by the dNLS equation (5.5) is related to the Hamiltonian pair

1 1 - 1
K:—§8§’+§8yQ8y1Q8y and T =—-10, (5.12)
Proof. In view of the transformation (5.11), one has

0y = A, (5.13)

and then further concludes that the operator identity:

A1 (%)_B <21 +;aw> (%)ﬁ :4Q+;8y (5.14)

holds for arbitary nonzero constant 5. Next, define
1
T4 ((ay +20Q +2Q, 0, )y m~H (—d, +2Q +2Q, 9, ) n—l) ,
1
T — 1 (n/m)Ql (26;1 Q 0y — 9y) _
4\ (n/m)"2 (20,1 Q0y + 0y)

Hence, the Hamiltonian operators IC and J follow from the formulae K = A~1TJT*
and J = A~'TKT*, respectively, where the identities (5.13) and (5.14) are used.
This completes the proof of the theorem. |

(5.15)

It is worth noting that X and 7, as given in (5.12), are the compatible operators
admitted by the hierarchy initiated with the (defocusing) mKdV equation (5.10),
whose bi-Hamiltonian structure takes the following form

oH1  — 6Ho

QT:EE: @a

- [@ay  F--; [@+ahay

As for the (defocusing) mKdV hierarchy, each member in the positive direction
takes the form

1=1,2,..., (5.16)



26 J Kang, X Liu, P J Olver and C Qu

where, the (defocusing) mKdV equation (5.10) is the second member in (5.16) and
the seed equation corresponding to [ =1 is

— 1 _6H
QT:Flz_ny:jTC;-

2
However, in the negative direction, the [-th negative flow is
— —_ 1
R'Q. =0, 1=1,2,..., where R=KJ !'= 585 —20,Q09," Q

is the recursion operator of the (defocusing) mKdV hierarchy.

Hereafter, for each positive integer [, we denote the [-th equation in the positive
and negative directions of the dNLS hierarchy by (dNLS); and (dNLS)_;, respec-
tively, while the [-th positive and negative flows in the (defocusing) mKdV hierarchy
are denoted by (mKdV); and (mKdV)_;, respectively. With this notation, we are
now in a position to establish the following theorem, illustrating the Liouville cor-
respondence between the two hierarchies.

Theorem 13. Under the transformation (5.11), for each integer | € ZT, the
(ANLS)_; equation is mapped into the (mKdV); equation, and the (ANLS); equa-
tion is mapped into the (mKdV)__) equation.

In order to prove Theorem 13, a relation identity with regard to the two recursion
operators admitted by the dNLS and (defocusing) mKdV hierarchies is required.

Lemma 2. Let R=K J L and R = K T be the recursion operators admitted by
the dNLS and (defocusing) mKdV hierarchies, respectively. Define

D= (73 2) (5.17)

Then, for each integer > 1,
R' (0, —-0,)D'R'=-4A'T (5.18)

under the transformation (5.11), where T is the matriz differential operator defined
in (5.15).

Proof. Note first, in the case of | = 1, equation (5.18) is equivalent to
-1 1= -1
A Tj:—ZR((‘)y -0, ) DK,

which can be directly verified by utilizing the formulae (5.13) and (5.14).
In addition, using the relations between IC, 7 and IC, J allows us to deduce that
R satisfies

RAT'TK=AT'TJ andthen TRATITTR=AT'T. (5.19)
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Hence, for the general case, we assume that (5.18) holds for | = k. Then for
l=k+1,

1 1 _
—ZR’“ (8, — 0,) DR = —ZRRI (8, —0,) DT'R'R =RAT'TR = A™'T,

which completes the induction step and thus establishes (5.18) for I > 1. We thus
verify (5.18) holds in general, proving the lemma. [ |

Proof of Theorem 13. As the first step, we deduce from the relation between
and m given in transformation (5.11) that

Qr=A"'T <T:> , (5.20)
t

where T is the matrix differential operator given in (5.15).
Next, we consider the (ANLS)_; equation for I > 1. Note first that the (ANLS)_;
equation corresponding to ! = 1 in (5.7) can be written as

<m) _1 [ ymy _<m@>
n), 2 (n/m)—% —\—nQ)/
Substituting it into (5.20) yields

_ mQ 1
QT =A lT (_nQ> = _iQZh

which reveals that, under the transformation (5.11), the (dNLS)_; equation is
mapped into the (mKdV); equation.

Furthermore, it follows from (5.18) that, for each [ > 2, equation (5.20) can be
rewritten as

1 _ m
QT:_ZRZ (ay _ay)D 'R (n)t,

with D defined in (5.17). Hence, in general, if m(t,z) is a solution of (dNLS)_;
equation, and n(t,z) = m(t,x), so that (5.7) holds for each I > 2, then the corre-
sponding Q(7,y) satisfies

- R, —0,)D'Fy=-R (3, —0,)(°)=m" (-}
Qr = 4R(y y) U 4R(y y) =R QQy )

—C

which means that Q(7,y) solves the (mKdV); equation (5.16), completing the first
part.
Finally, concerning the opposite direction, it is worth noting that

s (1) e (2 (3)) -0

x m
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Hence, if m(¢,x) is a solution of (ANLS); equation (5.6), and n(t,z) = m(t, z), i.e.,

() (3). e

then in view of (5.20), the corresponding Q(7,y) satisfies
- =atrea) (1) |
and then

RI71Q, =R-'ATITR!! (Z‘) = AT (7:) =0.

This allows us to draw the conclusion that Q(7,y) is a solution of the (mKdV)_;_y)
equation for [ > 1. We thus complete the proof of Theorem 13 in general. |

In what follows, we investigate the effect of the transformation (5.11) on the two
hierarchies of the Hamiltonian functionals {H;} and {H;} of the ANLS equation and
the (defocusing) mKdV equation. With the two pairs of Hamiltonian operators K
and J admitted by the dNLS equation and K and J admitted by the (defocusing)
mKdV equation, {#;} and {#;} are determined by the recursive formulae

_H
oty g H1+1’
om’ on 0Q 0Q
Lemma 3. Let {H,} and {H,} be the hierarchies of conserved functionals de-
termined by the recursive formulae (5.21). Then, for each | € 7Z, their respective
variational derivatives satisfy the relation

it 5H1>T © Ot leZ. (521)

KéH; =T 6Hivr, 0H = <

_ _H_,
AT = )
JoH, =T 50

Proof. We first prove (5.22) for [ > 0 by induction on . In the case of [ = 0, equa-
tion (5.22) follows from the fact JdHo = (cm, —cn )T and A™! T( cm, —cn )T =0.
Assume now (5.22) holds for | = k with k£ > 1, say

(5.22)

_ — 0H_
1
AT TTHL=T 50

Then, on the one hand, by the assumption and in view of (5.19)

_0H_ _O0H_
1 A1 o k (k+1)
RATTKH, =AT"TTH, =T 50 =K 50

while, on the other hand, by the recursive formula (5.21),

(5.23)

RATITKOH, =RA T T 6Hpr1,
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which, in comparison with (5.23) produces

OH_(ky1)

T IA T T My = 50

Then

AT T 6Hp =T ‘YH;S*”
follows, establishing (5.22) for [ > 0.

Next, in the case of | = —1, the fact JoH1/6Q = —Qy/2 and JoH_1 =
D(Q, —Q)T shows that (5.22) holds for | = —1. Finally, we prove (5.22) for
all [ < —1 by induction. Assume that it holds for [ = k, then, for | = k — 1,
according to the assumption and using the formula (5.19) again, we arrive at

= = — 6H_
A_lTj(YHk:—l = RA_IT/C(YHk_l = RA_ITJ(YHk = IC/;[QIC,
which completes the induction step and verifies (5.22) holds for all | € Z, proving
the lemma. [

In addition, we deduce a formula which reveals the change of the variational
derivative under the transformation (5.11).

Lemma 4. Let m(t,z), n(t,z) = m(t,z) and Q(7,y) be related by the Liouville
transformation (5.11). If the Hamiltonian functionals H(m,n) = H(Q), then

SH(m,n) = (§H/5m, 6H/6n)" = T* gz
where T* is the formal adjoint of T given in (5.15).

Finally, under the hypothesis of Lemma 4, we define a functional

gk(Q) = Hl(m’ n),

for some k € Z. Then, it follows from Lemma 3 and Lemma 4 that

=O0H a1y A1 « 00k =00y

which immediately leads to

5ﬁ_(l+1) B 5&
0Q a 5Q’
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and then

Hi(m,n) = Gr(Q) = H_q11)(Q)

follows. Consequently, we conclude that there also exists a one-to-one correspon-
dence between the Hamiltonian functionals admitted by the ANLS and (defocusing)
mKdV equations.

Theorem 14. Under the transformation (5.11), for each integer I, the Hamiltonian
conservation law Hi(m,n) of the dNLS equation is related to the Hamiltonian con-
servation law H;(Q) of the (defocusing) mKdV equation, according to the following
identity

Hl(mvn) = H—(H—l) (Q)7 l €Z.
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